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ABSTRACT 
Stimuli-responsive polymers and self-assembling peptides represent two classes of materials 
with interesting properties and great potential to be used as biomaterials. The conjugation of 
polymer with peptide offers a way to combine the controlled chemical, mechanical, and thermal 
properties of polymer with the functionality of designed bioactive group. Pure hybrid materials 
with the characteristics of individual components or systems containing hybrid materials became  
attractive for applications in drug delivery and tissue engineering.  
This work focused on systems where the thermo-responsive properties of a polymer were 
combined with the gelling properties of two different ionic-complementary peptides via 
conjugation. The prototypical thermo-responsive polymer poly(N-isopropylacrylamide) 
(PNIPAAm) was chosen due to its lower critical solution temperature (LCST) ~32°C being close 
to body temperature. Ionic-complementary oligo-peptides, containing the alternating 
hydrophobic/hydrophilic and charged/uncharged amino acids, phenylalanine (F), glutamic acid 
(E) and lysine (K), were selected as they are known to form β-sheet rich fibrillar networks at low 
concentrations. Two peptide sequences with different charge distribution were chosen: 
FEFEFKFK and FEFKFEFK which form self-supporting gels at ~ 17 and 10 mg ml-1 
respectively. Polymer-peptide conjugates were used to confer self-assembling and thermo-
responsive behaviour to the system. 
Thermo-responsive PNIPAAm-rich hydrogels were obtained by targeting different degrees 
of functionalisation of PNIPAAm with the self-assembling peptides. Two series of such systems 
were prepared by using either a thiol-modified FEFEFKFK or a thiol-modified FEFKFEFK 
peptide as the chain-transfer agent in the free radical polymerisation of NIPAAm. The resulting 
polymer/conjugate mixtures were studied by proton nuclear magnetic resonance (1H NMR). The 
polymer/conjugate ratios were calculated and showed that the conjugate fraction in the mixtures 
increased with increasing concentration of peptide used for the polymerisation. Static light 
scattering (SLS) and viscometry showed the aggregation of the polymer/conjugate mixtures 
presumably due to the presence of peptide. The nM  values from gel permeation chromatography 
(GPC), which were mostly attributed to the unconjugated polymers, were higher than those 
obtained from 1H NMR and centrifugation for the conjugates. The polymer/conjugate mixtures 
formed self-supporting gels where the critical gelation concentration decreased with increasing 
conjugate content. Oscillatory rheology experiments confirmed gels had formed and revealed that 
their elastic modulus, G' varied from ~ 10 to 400 Pa depending on the sample. TEM and AFM 
studies proved the formation of β-sheet fibres of ~ 4.5 ± 1.5 nm in diameter. The PNIPAAm-rich 
hydrogels were also characterised by micro DSC to reveal their thermo-responsiveness and phase 
separation and showed the LCST at ~ 30°C. The results of the study showed that varying the 
peptide sequence did not have an effect on thermal, mechanical or morphological properties of 
the hydrogels. By exploiting the self-assembly of the ionic-complementary peptides, it was possible 
to create PNIPAAm-rich, thermo-responsive hydrogels with controllable properties. 
Further in the study pure PNIPAAm-FEFEFKFK conjugate was incorporated into the 
FEFEFKFK peptide matrix to create peptide-rich thermo-responsive composite gels. Two series 
of the composite gels were prepared by varying separately the peptide matrix and polymer-peptide 
conjugate concentration. Micro DSC measurements revealed an endothermic peak at ~ 30ºC 
characteristic of the LCST of PNIPAAm. Oscillatory rheology studies showed that the composite 
gels became stronger with increasing conjugate concentration (G' ~ 20 – 200 Pa). Network 
morphology was studied by SANS. Using contrast variation and contrast matching techniques it 
was possible to distinguish between the peptide fibres and the PNIPAAm chains. Below and 
above the LCST the scattering curves showed a q-1 behaviour which is typical of rod-like objects. 
TEM and AFM also proved the formation of fibres of ~4.0 ± 0.8 nm and ~4.5 ± 1 nm 
respectively. AFM studies showed that the fibres of the composite gels were decorated with 
polymer chains. The thermo-responsiveness and the gelation properties of these conjugate-based 
scaffolds have potential for use as drug delivery vehicles or tissue engineering scaffolds. 
 
Keywords: poly(N-isopropylacrylamide), stimuli-responsive polymer, LCST, peptide, β-sheet 
fibre, self-assembly, hydrogel, polymer-peptide conjugate. 
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Hydrogels are widely used in the biomedical and pharmaceutical fields due to their 
similarity to hydrated body tissues. They can be obtained either via polymerisation or 
copolymerisation using chemical cross-linking agents to create covalent bonds, or via the self-
assembly of small molecules where three-dimensional structure is obtained via physical 
interactions or entanglement. The structure and mechanical properties of such materials can 
be tuned simply by varying the chemistry of the initial monomer, cross-linking agent and/or 
the self-assembling building block.  
Self-assembling materials possess amphiphilic nature as they contain both hydrophobic 
and hydrophilic segments. Amphiphilic molecules are lipids, block copolymers, proteins and 
peptides. Self-assembly of various peptide sequences gives various nanostructures such as     
β-sheets, β-hairpins, α-helices that form higher level hierarchical structures which can mimic 
the native extracellular matrix. Ionic-complementary peptides are one class of peptides that 
form gels composed of interwoven β-sheet fibres. Self-assembling peptide hydrogels have 
already been successfully employed in different areas of biomedical applications such as 
scaffolds for tissue regeneration and controlled drug delivery. Peptide scaffolds are successful 
because they are highly biocompatible, biodegradable, possess good mechanical properties, 
and various biological functionality can be introduced that are important for successful cell 
adhesion, proliferation and differentiation. 
Stimuli-responsive materials are studied widely due to their potential applications in 
controlled drug delivery, tissue engineering, separation technologies and biosensors. External 
stimuli fall into three categories: physical (temperature, ionic strength, solvent), chemical (pH, 
salt effect), and biochemical (reaction to enzyme). They can be used solely or can be combined 
to expand the versatility and application of the system. Under the influence of these cues 
stimuli-responsive materials change their characteristic properties, such as solubility or 
conformation, they undergo self-assembly or phase separation. Normally these 
transformations are reversible when the stimulus is removed. 
Typically a polymer confers the responsiveness to the system. Depending on the 
monomer nature, different types of stimuli-responsive materials can be obtained. Thermo-
responsive polymers are the most widely studied and the typical representative is          
poly(N-isopropylacrylamide) (PNIPAAm) whose aqueous solution possesses the lower critical 
solution temperature (LCST) close to the temperature of body fluid (~ 32°C). At the LCST 
the polymer undergoes a sharp coil-to-globule transition resulting in the dispersion of the 
collapsed and aggregated polymer chains in water. The LCST of PNIPAAm can be controlled 
by a variety of external stimuli such as solvent, ionic strength, surfactant, but most importantly 
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the LCST can be increased or decreased by using hydrophilic or hydrophobic co-monomers 
respectively.  
Self-assembling peptide systems can also be considered as stimuli-responsive materials, 
as the gelation (sol-to-gel transition), conformational changes can be triggered by various 
environmental stimuli, such as pH, ionic strength and enzyme. For some peptide systems 
temperature is another stimulus to trigger the gelation but for others, only gel melting is 
observed upon heating. Also the peptides with the LCST behaviour were reported. For 
example, short elastin-like peptides based on GVGVP (G – glycine, V – valine, P - proline) 
sequence exhibited the LCST behaviour in water, however the LCST values were very high, 
i.e. ~100-200°C. 
Little attention has been paid to self-assembling peptide systems with thermo-
responsive behaviour similar to that of thermo-responsive polymers. One strategy to obtain 
thermo-responsive gels is to use thermo-responsive polymers, such as PNIPAAm. The 
polymer can be conjugated to the peptide and the peptide will confer hierarchical self-
assembly to the system. Peptide hybrid materials or conjugates of peptides and polymers 
represent a class of materials with interesting properties. Such systems are attractive for 
biomaterials applications as they combine the controlled chemical, mechanical, and thermal 
properties of a polymer with the structural properties and functionality of a peptide. One 
other strategy consists of introducing thermo-responsive micelles, nanoparticles into a non-
thermo-responsive gel matrix or into already thermo-responsive gel to accentuate its thermo-
responsiveness and to improve gel network swelling/shrinking and gel mechanical properties. 
The possibility to combine the properties of polymer with those of peptide influenced the 
choice of the strategy of conjugation. 
This research work focuses on the combination of two synthetic components: ionic-
complementary peptide and thermo-responsive polymer via conjugation. Two ionic 
complementary octapeptides containing alternating hydrophobic/hydrophilic and 
charged/uncharged amino acids of phenylalanine (F), glutamic acid (E) and lysine (K), i.e. 
FEFEFKFK and FEFKFEFK were selected for the study. The peptides FEFEFKFK and 
FEFKFEFK are known to form a β-sheet rich fibrillar network at considerably low 
concentrations: ~17 mg ml-1 and 10 mg ml-1 respectively. PNIPAAm has been chosen as the 
thermo-responsive polymer due to its sharp and reversible phase separation upon heating. 
The general purpose of the current research work is to combine the thermo-responsive 
behaviour of PNIPAAm with the gelling properties of FEFEFKFK and FEFKFEFK 
peptides by synthesising bioconjugates of PNIPAAm-peptide and to use these conjugates to 
confer self-assembling and thermo-responsive behaviour to the system. Polymer and peptide 
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conjugation is possible by using a sulfhydryl end-functionalised peptide as the chain-transfer 
agent in the free radical polymerisation of NIPAAm. Two main aims are defined for the 
research. The first aim is to create PNIPAAm-rich gels by doping in different quantities of 
PNIPAAm-peptide conjugates. It is postulated that the peptide segments will retain their self-
assembling behaviour after conjugation and will form the β-sheet fibres decorated with 
PNIPAAm chains once dissolved in water. The effect of the peptide sequence on the self-
assembly and gel properties is also explored. The gelling, mechanical and thermo-responsive 
properties and results correlated to gel morphology will be probed using various techniques. 
The second aim is to create thermo-responsive peptide-rich composite gels by incorporating 
pure polymer-peptide conjugate into a peptide matrix which does not exhibit a phase 
separation similar to that of PNIPAAm. It is postulated that the conjugate will incorporate 
into the peptide fibres and confer its thermo-responsiveness to the gel. This research aims to 
reveal thermo-responsive behaviour of the composite gels, to understand how the conjugate 
behaves in the gel network upon heating and cooling, to reveal fibre morphology and how the 
incorporation of the conjugate into gel matrix influences the overall mechanical properties of 
the composite gel. 
The overall structure of the study takes the form of seven chapters, including this 
introductory Chapter 1. Chapter 2 reviews the literature concerning the four key themes: the 
thermo-responsive polymer PNIPAAm; theory on different types of amino acids, peptide 
structures and peptide synthesis; peptide self-assembly, and the application of self-assembling 
peptide materials and finally, various methods to obtain polymer-peptide conjugates and their 
application. Chapter 3 focuses on the experimental procedures and methodologies employed 
in this study. Some theoretical principles of each experimental technique employed are also 
discussed here. Chapters 4, 5 and 6 present the research findings and include a discussion of 
the results. Three chapters study polymer/conjugate based systems. Chapter 4 outlines the 
synthesis route for thermo-responsive polymers with different degrees of peptide 
functionalisation leading to control over the gelation properties of PNIPAAm. The products 
prepared contain pure polymer and controllable quantities of PNIPAAm-FEFEFKFK or 
PNIPAAm-FEFKFEFK conjugate. In all samples in this chapter the free polymer 
concentration is much higher than conjugate concentration. These polymer/conjugate 
mixtures are characterised by various methods to reveal their structural properties and thermal 
phase behaviour. Chapter 5 focuses on a range of samples made up of pure FEFEFKFK and 
FEFKFEFK peptide mixed with the pure polymer and polymer-conjugate mixtures obtained 
in Chapter 4. In this study peptide concentration is greater than polymer (free and conjugated) 
concentration. In Chapter 6 small quantities of purified polymer-peptide conjugate are added 
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to pure peptide. In this case the peptide content is higher than conjugated polymer content. 
General conclusions from the work are presented in Chapter 7 along with some 
recommendations for future work. 
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The overall structure of the literature review takes the form of four sections. Section 1 
introduces responsive polymers and looks closer at the properties of the prototypical thermo-
responsive polymer poly(N-isopropylacrylamide) (PNIPAAm). Section 2 focuses on the 
peptides. General information about amino acid types, peptide bond formation, and peptide 
structure will be given initially. Then the solid phase peptide synthesis possibilities using Fmoc 
protocol will be discussed. Section 3 describes the self-assembly behaviour of the peptides and 
the applications of self-assembling materials in tissue engineering and controlled drug delivery. 
Finally, section 4 presents recent achievements on the synthetic routes to conjugate a polymer 
with a peptide and some examples of conjugates applications will be given there. There is a 
significant body of research focused on the thermo-responsive polymers, self-assembling 
peptides and polymer-peptide conjugates. Only the most salient points will be covered here. 
 
2.1. TEMPERATURE-RESPONSIVE POLYMER:  
POLY(N-ISOPROPYLACRYLAMIDE) 
 
2.1.1. Introduction 
Stimuli-responsive polymers have become very popular recently due to their various 
properties and potential applications. These polymers are classified as polymers that change 
their characteristic properties due to changes in their environment. They are also known as 
“smart” or “intelligent” polymers. The stimuli that influence their properties fall into three 
categories: physical (temperature, ionic strength, solvent), chemical (pH, salt effect), and 
biochemical (reaction to enzyme). Doubly sensitive polymers also exist, where polymers 
change their properties during the application of two stimuli, for example, temperature and 
pH. Under the influence of various stimuli, responsive and doubly responsive polymers 
change their conformation, solubility, surface characteristics and undergo self-assembly. 
Normally these transformations are reversible when the stimulus is removed [1, 2].  
Thermo-responsive polymers are the most widely studied. They undergo a phase 
separation in aqueous solution upon heating. The conformation of a macromolecule in 
solution is determined by polymer-solvent and polymer-polymer interactions. The polymer-
solvent interactions are predominant in a good solvent, where solvent molecules open the 
chain to a random coil conformation. In this conformation the interactions between polymer 
segments are minimised. The polymer segments start to aggregate when the quality of the 
solvent decreases and polymer-polymer interactions become predominant. Subsequently in a 
poor solvent the formation of a globule containing 
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transition is called coil-to-globule transition and the temperature at which this transition 
occurs is called the lower critical solution temperature (LCST) or cloud point (CP) [3].  
Materials based on thermo-responsive polymers have become very popular during the 
last 30 years owing to their application in cell encapsulation [4], drug delivery [4, 5], and tissue 
engineering scaffolding [6, 7]. The reviews of Taylor and Cerankowski [8], Galaev et al. [9] and 
Saunders et al. [10] introduce a great variety of polymers that exhibit LCST behaviour upon 
heating. The majority of thermo-responsive polymers belong to three main groups of 
polymers: 
• poly(N-substituted (meth)acrylamides), for example, the LCST of                    
poly(N-ethylacrylamide) is 74°C and of poly(N-ethylmethacrylamide) is 58°C [8] 
• poly(N-vinyl-N,N-disubstituted amides), such as poly(N-vinyl caprolactam) with 
LCST of 31°C and atactic poly(vinyl methyl ether) with LCST of 34°C [11] 
• ethylene oxide-containing polymers 
Polymers with amide functional groups form the largest class of thermo-responsive 
polymers. Poly(N-isopropylacrylamide) (PNIPAAm) is the typical representative which has 
been employed in many studies due to its sharp phase separation in aqueous solution at 
temperatures close to body temperature. Its chemical structure is given in Fig. 2.1. 
CH2 CH
O NH
H3C CH3
n
 
Figure 2.1: Chemical structure of PNIPAAm (n – polymerisation index) 
 
There are several literature reviews [3, 12, 13] that describe the properties and 
application of this polymer in great detail. One of the most comprehensive is the review of 
H.G. Schild published in 1992 [12]. 
 
2.1.2. Single chain PNIPAAm synthesis 
PNIPAAm can be obtained by different polymerisation methods including free radical 
polymerisation (FRP) [12, 14-16], atom transfer radical polymerisation (ATRP) [17-21], and 
reversible addition-fragmentation chain-transfer polymerisation (RAFT) [22-25]. There are 
also examples of PNIPAAm obtained by redox polymerisation [26-28]. Living polymerisation 
techniques offer an array of advantages in comparison with traditional chain polymerisation; 
they allow the reactions to be carried out in a controlled way, giving polymers with a low 
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polydispersity, predetermined molecular weight and the controlled introduction of functional 
groups [25, 29].  
The reviews of Schild [12] and Dimitrov et al. [13] give further insight into the different 
polymerisation routes to prepare PNIPAAm. The following section will describe the synthesis 
of PNIPAAm via free radical polymerisation as this method has been employed in this 
research work.  
 
2.1.2.1. Free radical polymerisation (FRP) of NIPAAm 
Different organic solvents and initiators can be used in FRP and this can affect the 
molecular weight and molecular weight distribution of the polymer chains [30]. 
For the synthesis of PNIPAAm and its copolymers, FRP usually gives high 
polydispersity indices (PDI = 1.5, if chains are terminated by combination of two radicals and 
PDI = 2, if chains are terminated via disproportionation or chain-transfer) and poorly defined 
end-group chemistries [31]. Every FRP reaction consists of three stages: initiation, 
propagation and termination and each of these is outlined below [32]. 
Initiation. Two radicals are formed under the thermal decomposition of organic peroxides or 
azo compounds. Fig. 2.2 shows the homolytic scission of azo (-N=N-) linkage of               
2,2'-azobisisobutyronitrile (AIBN) upon heating. 
CH3 C
CN
CH3
N N C
CN
CH3
CH3
- N2
CH3 C
CN
CH3
2,2'-azobisisobutyronitrile (AIBN) α−cyanoalkyl radical
65 °C 2
 
Figure 2.2: Homolytical decomposition of AIBN 
 
Each radical attacks the π-bond of a NIPAAm monomer, thus creating an active centre 
and initiating the reaction (Fig. 2.3).  
 
H2C CH
O NH
H3C CH3
CH3 C
CN
CH3
+
CH3 C
CN
CH3
CH2 CH
O NH
CH3H3C
65 °C
NIPAAm
solvent
 
Figure 2.3: α-Cyanoalkyl radical attack of monomer double bond 
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Propagation. The propagation step involves growth of the polymer chain by rapid sequential 
addition of monomer to the active centre (Fig. 2.4).  
 
CH2C CH2CH3 C
CN
CH3
CH2 CH
O NH
CH3H3C
NIPAAm H3C
CN
CH3
CH
O NH
CH
O NH
H3C CH3 H3C CH3
n
 
Figure 2.4: PNIPAAm macromolecular chain growth 
 
Termination. Finally, growth of the polymer chain is terminated. There are two common 
mechanisms of termination that involve bimolecular reaction of growing polymer chains: 
combination and disproportionation. During combination, two growing chains couple 
together to form a single polymer molecule with initiator fragments at both ends (Fig 2.5).  
 
H2C CH
R
+ HC CH2
R
H2C CH
R
CH
R
CH2
 
Figure 2.5: Termination of macromolecular chains via combination 
 
During disproportionation, a hydrogen atom can be abstracted from one growing chain 
by another, hence two polymer molecules with initiator fragments at one end are formed 
(Fig. 2.6). Polymer chains with unsaturated end groups can undergo further reactions. 
 
HC CH2
R
H2C CH
R
+ H2C CH2
R
HC
R
CH+
 
Figure 2.6: Termination of macromolecular chains via disproportionation 
 
Radical reaction with oxygen. Carbon-centered radicals can react with oxygen, thus 
deactivating the radicals and forming unwanted products. After the reaction of oxygen with an 
α-cyanoalkyl radical (Fig 2.7A), an alkylperoxy radical (Fig 2.7B) can form, which may initiate 
polymerisation and thus form a relatively unstable peroxidic end group (Fig. 2.7C). 
The hydroperoxy radical (Fig. 2.7B) has a tendency to abstract hydrogen from the 
polymer, monomer, or other components in the reaction media forming a potentially reactive 
hydroperixide (Fig. 2.7D) and a new radical (R) which may initiate further polymerisation. 
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The process can become more complicated when the species (C) and (D) undergo homolysis 
under polymerisation conditions. In addition, the peroxides derived from (C) and (D) may act 
as chain-transfer agents (CTA) [32]. To minimise these reactions, all dissolved gases should be 
removed from solvents prior to polymerisation.  
H3C C
CN
CH3
H3C C O O
CN
CH3
alkylperoxy radical (B)
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Figure 2.7: Inactivation of active radicals with oxygen 
Chain-transfer. It is well known that the use of a CTA allows the synthesis of polymers with 
well-defined functional end-groups. One of the CTAs used widely in FRP of NIPAAm is       
3-mercaptopropionic acid (MPA) [16, 33, 34]. This enables the synthesis of PNIPAAm with 
functional carboxylic groups which are then used to link PNIPAAm to different biomolecules. 
Normally, high CTA concentrations allow short chain oligomers to be synthesised. 
The general scheme of chain-transfer reaction of MPA is given in Fig. 2.8 [16]. One 
initiator molecule creates two active radicals that initiate the polymerisation reaction of 
monomer. Some of these growing chains become terminated and this way free polymer chains 
are created, but some of them abstract a hydrogen atom from the chain-transfer agent 
molecule thus transferring the active centre to it. Then the polymer chains functionalised with 
the CTA propagate. The reaction is terminated by adding the hydrogen atom from CTA. 
I
+HOOCCH2CH2SH + HOOCCH2CH2S
+HOOCCH2CH2S M HOOCCH2CH2SM1
HOOCCH2CH2SMn
HOOCCH2CH2SMn + HOOCCH2CH2SH HOOCCH2CH2SMnH + HOOCCH2CH2S
2R
R + M1 RM1
+ M RM2RM1
RMn
RMn RMnH
 
Figure 2.8: Chain-transfer reaction using 3-mercaptopropionic acid 
Typically the polydispersity indices (PDI) of end-functionalised PNIPAAm obtained 
through this type of chain-transfer varies from 1.20 to 1.50 indicating a fairly narrow 
polydispersity. 
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2.1.3. PNIPAAm behaviour in aqueous solution 
2.1.3.1. LCST phenomenon 
Many polymers exhibit a lower critical solution phenomenon where their solubility 
increases with decreasing temperature, and vice versa. The temperature at which this phase 
transition occurs is called the LCST [35]. 
In 1967 Scarpa et al. [36] reported such a phase separation of a 2% aqueous solution of 
PNIPAAm at 31°C. This phase separation was reversible upon cooling. Heskins and 
Guillet [37] reported the same phenomenon in 1968 and this paper is cited more often. In 
both studies the macroscopic phase separation of an aqueous solution of PNIPAAm was 
observed visually. Below the LCST the solution was transparent and above the LCST it 
became cloudy. This is an easy way of determining the LCST of the polymer solution [12]. 
Below the LCST in dilute aqueous solution, PNIPAAm chains form extended coils that 
are isolated and flexible because the polymer chains are hydrated and the intermolecular 
hydrogen bonds between the polymer carbonyl, polar amide groups and water molecules are 
formed (Fig. 2.9) [12].  
PNIPAAm weight fraction
T (ºC)
Two phases
One phase
 
Figure 2.9: Phase diagram of an aqueous solution of PNIPAAm [37]. Below the LCST one phase 
exists when polymer is hydrophilic and adopts coil conformation. Above the LCST, coil-to-globule transition 
occurs and 2 phases are formed. 
 
Thermo micro-attenuated total reflection Fourier transform infrared (ATR FT-IR) 
spectroscopy proved the formation of intermolecular hydrogen bonding between PNIPAAm 
and water [38]. At and above the LCST, these hydrogen bonds broke, bound water was 
expelled and hydrophobic interactions between hydrophobic polymer segments were 
strengthened. ATR FT-IR revealed that above the LCST intramolecular hydrogen bonding 
were predominant. In fact, the hydrophobic interaction of the methyl groups of PNIPAAm 
increased 1.5 times when the temperature was above the LCST [38]. When this happened, 
water switched from being a good solvent to a poor solvent. As a result, polymer chains 
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collapsed and then aggregated. This resulted in the formation of a second phase that was 
suspended in a water-rich phase. 
The reason for the phase separation is purely thermodynamic and can be explained with 
the Gibbs free energy equation: ∆Gmix = ∆Hmix – T × ∆Smix where ∆Gmix, ∆Hmix and  ∆Smix are 
the Gibbs free energy, enthalpy and entropy of mixing respectively and T is temperature. A 
polymer is soluble in a solvent when ∆Gmix < 0 (favourable free energy) which can be 
achieved when ∆Smix > 0 and ∆Hmix < 0. Negative ∆Hmix is facilitated by hydrogen bond 
interactions and ordered (“ice-like”) structure of water around polymer chains. When the 
temperature increases above the LCST, hydrogen bonds start to break, polymer-polymer 
interactions become predominant and phase separation occurs resulting in unfavourable ∆Gmix 
(∆Gmix > 0). Above the LCST the entropic term becomes predominant and a positive ∆Gmix 
can be obtained when the magnitude of ∆Hmix (|∆Hmix|) becomes smaller than |T×∆Smix| 
[12].  
Linear and grafted PNIPAAm chains behave differently in the same conditions. 
PNIPAAm grafting is possible after the introduction of functional groups, such as carboxyl 
groups, into its structure. These groups can be introduced terminally or into the polymer 
chains during the copolymerisation with acrylic acid (AAc). Carboxyl groups allow polymer 
attachment to different biomolecules and surfaces to create different bioconjugates and 
terminally grafted or multi-point grafted surfaces [39]. Fig. 2.10 illustrates the phase behaviour 
of linear and grafted PNIPAAm chains.  
 
                 
 
Figure 2.10: Schematic representation of the reversible phase separation of PNIPAAm:  
A) linear chains, B) terminally-grafted PNIPAAm surfaces, and C) multi-point grafted PNIPAAm 
surfaces (adapted from [39]) 
 
Soluble Insoluble 
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A 
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T-re decreases Hydrophilic Hydrophobic 
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In Fig. 2.10A linear chains collapse and aggregate freely above the LCST. Therefore 
linear chains have a sharp phase transition. Fig. 2.10B shows terminally grafted polymers. 
Above the LCST the chains collapse and remain on the surface. In the multi-point grafted 
surfaces the short polymer chain loops between the grafted points will collapse upon heating 
(Fig. 2.10C). These surfaces are less hydrophobic above the LCST than terminally grafted 
surfaces due to terminal carboxyl groups that can form hydrogen bonding with water [39]. 
 
2.1.3.2. LCST characterisation methods 
There are a number of methods that can be used to study the LCST phenomenon. 
Optical and UV turbidimetric techniques are typically used to determine the LCST value    
[40-42]. Differential scanning calorimetry (DSC) measures both the LCST and the enthalpy of 
the phase transition [43-46]. Light scattering, viscometry, and fluorescence provide 
information on polymer chain conformation, chain interaction and environment around 
chains below and above the LCST [42, 47-50]. Infrared spectroscopy (IR) provides 
information on inter- and intramolecular interactions between functional groups below and 
above the LCST accordingly [38]. 1H NMR has also been used to study the conformational 
changes of PNIPAAm in aqueous solution upon heating and cooling [51, 52]. Nevertheless, 
the most common methods for determination and observation of the phase separation in 
aqueous solutions of PNIPAAm are optical or UV turbidimetric methods and micro-DSC.  
In UV and optical turbidimetric measurements the term “cloud point” is commonly 
used and is the temperature at which the opaqueness of the solution appears [53]. Fig. 2.11A 
gives an example of a cloud point curve measured by turbidimetric method at 500 nm. Cloud 
point techniques are sensitive to the macroscopic phase separation phenomenon which is a 
slow process at very low PNIPAAm concentrations [53]. 
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Figure 2.11: Cloud point (A) and differential scanning calorimetry (DSC) (B) measurements of the 
LCST of aqueous solution of PNIPAAm  
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DSC determines the LCST and measures the heat associated with the hydrogen bonding 
breakage, which is the first stage of the phase separation process upon heating [53]. It is 
known that when phase separation occurs the macromolecular chains aggregate into larger 
aggregates that are sustained by intramolecular hydrogen bonding and non-polar 
interactions [38]. Heskins and Guillet [37] were the first to report the LCST of PNIPAAm. 
They reported that the heats associated with the transition had an endothermic effect and that 
the heats varied with concentration. Such heats were ascribed to the energy necessary to break 
the hydrogen bonds that formed between the polymer and water. Typical DSC plots for the 
aqueous solution of PNIPAAm are given in Fig. 2.11B. The transition is reversible upon 
cooling. Schild and Tirrell [46] showed that the values of the phase transition in DSC correlate 
with those observed in the cloud point experiments.  
 
2.1.3.3. Polymer chain conformation studies with light scattering and 
fluorescence 
Light scattering. It is possible to determine the shape, size and orientation of 
macromolecules using light scattering [54, 55]. Heskins and Guillet [37] observed that the 
apparent molecular weight increased 4.5 times when heating a PNIPAAm solution from 25 to 
33°C. They proposed that collapsed polymer chains start to aggregate. Dynamic and static 
light scattering techniques were used to detect a coil-to-globule transition. Intramolecular 
polymer-polymer bonds, that form at the LCST, govern the collapse of the polymer chains 
consequently forms a hard sphere, i.e., globule [55]. 
Hirotsu et al. [47] studied a dilute solution of PNIPAAm ( wM  ~ 1.3×10
6 g mol-1) and 
observed a coil-globule transition of a single polymer chain at 34.1°C. The hydrodynamic 
radius was observed to decrease sharply from 1000 to 600 Å upon an increase in temperature.  
Hirotsu et al. [47] and Fujishige et al. [56] suggested a mechanism for the LCST 
behaviour based on the results from quasi-elastic light scattering (QELS). Initially, a single 
polymer chain will collapse, because water-polymer hydrogen bondings become less 
favourable than polymer-polymer and water-water interactions. Secondly, the collapsed 
polymer chains will aggregate, because PNIPAAm macromolecular chain units interact with 
the nearest units of the same macromolecule. These findings correlate well with the previous 
concepts about the LCST transition. 
Fujishige [57] studied PNIPAAm solutions below the LCST using light scattering in 
conjunction with viscosimetry. Results showed that water is a good solvent for PNIPAAm 
and its statistical segment takes a more extended form in water than in THF, as water is a 
better solvent than THF. Similar results were obtained by Chiantore et al. [30]. They observed 
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that PNIPAAm chains behave as normal flexible chains in methanol, while the structure is 
more extended in aqueous solution and becomes subsequently unstable upon heating.  
Fluorescence. Fluorescence enables the changes in PNIPAAm chain mobility and the 
degree of coil compaction to be monitored as a function of temperature [58]. Winnik [59-61] 
widely studied fluorescently-labelled PNIPAAm to determine different properties of the 
polymer such as polarity and mobility and confirmed that solvated coils of PNIPAAm shrink 
upon heating into a collapsed state and these subsequently aggregate to form larger particles. 
Swanson et al. [58] also studied fluorescently-labelled samples and observed similar 
conformational changes from open coil below the LCST to the compact globular structure 
above the LCST. 
 
2.1.4. Factors that influence the LCST  
The LCST of the aqueous solution of PNIPAAm is influenced by salts [46, 62], 
surfactants [62, 63] and comonomers [64, 65]. As mentioned previously, polymer behaviour in 
solution depends on the interactions between its segments and water molecules. The additives 
such as surfactants and salts bind to the polymer or change the water structure around it. Also 
the hydrophilic comonomers increase the LCST, whereas the hydrohpobic                 
comonomers decrease it. Here the effect of polymer molecular weight, copolymerisation, and 
various additives on the LCST will be described. 
 
2.1.4.1. Polymer molecular weight 
Fujishige and coworkers [56] stated that the LCST of PNIPAAm was not affected by 
either the molecular weight of the polymer within the range of 5×104 to 840×104 g mol-1 or by 
its concentration (0.01 to 1 wt.%). However, there is some evidence that is in conflict with this 
belief [44, 46, 66-68].  
It has been reported that the molecular weight of PNIPAAm affects the phase transition 
both inversely [46, 66] and directly [67, 68]. Table 2.1 demonstrates the inverse dependence of 
the LCST on molecular weight of PNIPAAm. This conflicting behaviour may be due to the 
polydispersity of the polymer, different initiators or chain-transfer agents used in the synthesis 
of PNIPAAm.  
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Table 2.1: PNIPAAm molecular weight effect on the LCST [46] 
nM , g mol
-1 nw MM /  LCST, ºC 
5,400 2.3 34.3 
11,000 6.9 34.2 
13,000 1.2 32.6 
160,000 2.8 32.2 
300,000  31.8 
 
The majority of the research to date has been done on linear PNIPAAm. 
Winnik et al. [69] studied the behaviour of cyclic PNIPAAm as a function of temperature. This 
polymer was obtained through ring closure of a α,ω-heterodifunctional telechelic PNIPAAm 
precursor. The phase transitions of linear precursors have been compared with the phase 
transitions of cyclic polymers with the same molecular weight of 6,000, 12,000 and 
19,000 g mol-1. Cyclic polymers had higher LCST temperatures and the values decreased with 
increasing ring size. The LCST values varied from ~ 36 to 40°C depending on the molecular 
weight of the sample, for example, the samples of 6,000 g mol-1 had the LCST of 37.0 and 
40.4°C for linear and cyclic PNIPAAm respectively. The higher temperatures for cyclic 
polymers have been attributed to the repulsion between the rings, the absence of end groups 
and steric hindrance.  
 
2.1.4.2. Copolymerisation of N-isopropylacrylamide 
NIPAAm can be easily copolymerised with other comonomers. This property enables 
the synthesis of a great variety of new polymers with different properties that can be employed 
in many areas. Numerous studies investigated the changes of the LCST after the                  
copolymerisation of NIPAAm with different comonomers. Schild and Dimitrov generalised 
them in their excellent reviews [12, 13].  
In 1975, Taylor and Cerankowski [8] stated that the LCST of a polymer soluble in water 
is strongly dependent on its hydrophilic/hydrophobic balance. The more hydrophilic the     
comonomer, the higher the LCST [8, 12, 70, 71]. They studied different                     
poly(N-alkyl acrylamides) that had different LCSTs and solubilities depending on the alkyl 
group. They concluded that the longer was the alkyl chain, the higher was the LCST and the 
more insoluble were the final copolymers. In 1989, Schild and Tirrell [12] were the first to 
study the copolymerisation of NIPAAm with N-hexadecylacrylamide (HDAAm) and they 
noticed that the LCST of the copolymer slightly decreased. 
As there is a great variety of potential comonomers either hydrophilic or hydrophobic, 
the number of possible combinations is vast. Fig. 2.12 perfectly illustrates the LCST behaviour 
Chapter 2                                                                                                       Literature Review 
 
 
 
41 
of copolymers of NIPAAm. When NIPAAm monomer is copolymerised with more 
hydrophilic monomers, for example acrylamide (AAm), the LCST increases. When AAm 
content is high, the copolymers do not show the LCST behaviour. On the other hand, when 
the comonomers are hydrophobic, for example N-tert-butyl acrylamide (NtBAAm), the LCST 
decreases.  
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Figure 2.12: The effect of AAm and NtBAAm on the LCST of the copolymers with NIPAAm [72] 
 
Copolymerisation of NIPAAm with other comonomers also allows the combination of 
polymer thermo-responsiveness with other types of stimuli, for example pH, light, magnetic 
field and solvent quality [73, 74]. Moreover comonomers can be used not only to change the 
responsiveness of the polymer [60, 75] but also to label the polymers to enable the 
observation of behaviour of polymer chains [60] and to introduce biological activity [76, 77]. 
In aqueous solutions amphiphilic block and random copolymers can self-assemble into 
micelles, lamellar aggregates, vesicles and hydrogels offering various interesting application 
possibilities [13]. The self-assembly of the amphiphilic molecules will be discussed later. 
 
2.1.4.3. Solvent effect on the LCST 
PNIPAAm is soluble in organic solvents that can form hydrogen bonds with polymer 
molecules, for example ethanol, methanol, acetone, dioxane, chloroform, THF and methyl 
ethyl ketone. According to Mark-Houwink-Sakurada theory these solvents are good solvents 
and no LCST is observed because PNIPAAm is soluble up to the solvent’s boiling point [57]. 
As discussed elsewhere, the addition of organic solvents that form hydrogen bonds with 
PNIPAAm could theoretically improve the solubility of PNIPAAm and increase the LCST [3]. 
In practice, these organic solvents suppress the LCST initially and then increase it. When a 
mixture of two non-solvents for a polymer forms a good solvent, this phenomenon is called 
cononsolvency. Winnik et al. [78] observed this cononsolvency phenomenon for PNIPAAm 
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in water/methanol mixtures where methanol was a non-aqueous solvent and hence reduced 
the polymer-water contacts.  
 
2.1.4.4. Salt effect on the LCST 
Salts change the water structure and reduce the quantity of water molecules bound by 
hydrogen bonds. Consequently, the free energy of interaction between the polymer and water 
is reduced, polymer chains become more hydrophobic and the LCST of the phase separation 
decreases. This occurs due to the salting out effect of the macromolecular chains from 
aqueous solution [79, 80].  
Behaviour of PNIPAAm in the presence of salts follows the classical Hoffmeister series. 
Salts efficiency to decrease the LCST of the aqueous solution of PNIPAAm follows this 
ranking: NaI < KI < LiCl < NaBr ~ KBr < MgCl2 < NaCl ~ KCl ~ CsCl < RbCl < CaCl2 < 
SrCl2 < BaCl2 < NaOH ~ KOH < NaF ~ KF < LiSO4 < MgSO4 < K2SO4 < K2CO3 ~ 
Na2CO3 < Na2P2O7 ~ Na3PO4 ~ Na2SO4. The LCST also decreases with the increase in salt 
concentration [3, 79]. 
 
2.1.4.5. Surfactant effect on the LCST 
Usually, surfactants increase the LCST of PNIPAAm in the following order:                
non-ionic < cationic < anionic. This is also a general order of surfactant adsorption onto the 
polymers. In the case of linear alkyl sulfonates, the transition temperature increases as the alkyl 
chain length increases. Amighi et al. [79] used sodium salts of fatty acids as surfactants varying 
the length of the hydrocarbon aliphatic tail. At high surfactant concentrations, surfactants with 
short chains (hydrocarbon aliphatic tails containing less than eight carbon atoms) suppressed 
the LCST. On the other hand, surfactants with alkyl tails containing more than eight carbon 
atoms, increased the LCST. At low concentrations, a certain decrease of the LCST was 
observed, due to the surfactant concentration being under the critical aggregation 
concentration (CAC). When surfactant concentration reached the critical micelle 
concentration (CMC), the increase of the LCST was observed. Typically, CAC is lower than 
the CMC. At CAC the surfactant self-associated into the aggregates and at CMC the surfactant 
spontaneously formed micelles.  
Eliassaf [81] reported that the addition of 1% of sodium dodecyl sulfate (SDS) to an 
aqueous solution of PNIPAAm prevented it from precipitating and increased the viscosity of 
the solution. As the SDS concentration increased, the surfactant molecules adsorbed on the 
PNIPAAm chain. This enhanced its solubility without affecting the phase transition.  
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Other surfactants have also been studied and the results obtained were summarised in 
the review of Schild [12].  
 
2.1.5. Applications of PNIPAAm 
According to the literature, researchers appear to mostly use the copolymers of 
PNIPAAm for drug delivery and tissue engineering. These copolymers tune behaviour to 
appropriate application and allow the formation of conjugates with different bioactive 
molecules, drugs and proteins. Applications of PNIPAAm cover the fields of separation     
[82-84], controlled drug release [85], gene delivery [86], and tissue engineering [87-90]. The 
following section includes a brief description of the ways these polymers can be applied. 
 
2.1.5.1. Biological application 
It has been reported that enzyme immobilisation on stimuli-responsive polymers has 
various advantages, such as affinity-based enzyme precipitation or recovery from the solution, 
control of the enzyme activity, prolonged enzyme activity in aqueous solutions, and use of the 
enzyme in organic solvents [77, 91-94]. It has been demonstrated that PNIPAAm can also be 
conjugated with enzymes, such as trypsin or cyclodextrin glycosyltransferase [95]. The results 
showed that the enzymes retained their activity during the cycles of conjugate precipitation 
and solubilisation. It was concluded that PNIPAAm can serve as an enzyme support in 
homogeneous biocatalysis. Moreover, Nguyen and Luong [76] prepared a conjugate of the  
copolymer of NIPAAm and glycidyl acrylate and a strong trypsin inhibitor. The conjugate 
selectively bound to trypsin and its separation was possible upon heating when the complex of 
the copolymer and the enzyme precipitated due to the collapse of PNIPAAm.  
The delivery of drugs and chemical agents by thermo-responsive polymer vehicles is a 
growing field of research where the LCST phenomenon of PNIPAAm plays a key role. When 
considering the application of such thermo-responsive polymers in drug delivery, it is 
necessary that the phase transition occurs at a temperature higher than the human body 
temperature. The system should be soluble at 37°C and exhibit a phase separation that is 
sharper than that of the homopolymer. Eeckman et al. [62] used thermo-responsive polymers 
to create new drug delivery agents. They copolymerised NIPAAm with hydrophilic            
comonomers: acrylamide (AAm), N-methyl-N-vinylacetamide (MVA), N-vinylacetamide 
(NVA) and N-vinyl-2-pyrrolidinone (VPL). The result was that all copolymers had the LCST 
higher than 37°C. Subsequently, the authors studied the drug release from Na2SO4-loaded   
copolymer-coated tablets. It was noted that the salt from the tablets decreased the solubility 
rates of the copolymer coating, thereby retarding drug release. When salt concentration in the 
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coating decreased, the polymer became more soluble and drug release occurred. As a result of 
the salting out effect, the time before drug release for PNIPAAm-co-NVA and PNIPAAm-
co-MVA coated tablets was increased up to 80-90% [62]. 
Some studies showed the potential application of the copolymers of PNIPAAm in 
cancer therapy. It was found that the polymer should be soluble when injected in vivo after 
which it will become insoluble and accumulate selectively on locally heated tumour cells. In 
this case, the phase transition of the polymer in aqueous solution has to be between a 
physiological temperature (~ 37°C) and the temperature of the heated tumour tissue (local 
hyperthermia) (~ 40°C) [96]. For example, when a selective part of tissue was heated, it was 
found that selective accumulation of rhodamine-poly(N-isopropylacrylamide-co-acrylamide) 
P(NIPAAm-co-AAm) in the tumour tissues occurred [97, 98]. Using a polymer matrix as a 
drug carrier improves poor drug solubility in aqueous media and poor pharmacokinetics of 
drug, and decreases the toxic side effects of drug [99].  
PNIPAAm also showed promising results in in vivo studies. Kim et al. [100] prepared a 
thermo-responsive PNIPAAm coating for heparin release to prevent surface-induced 
thrombosis. This coating was obtained by the blending and co-precipitation of two linear 
polymers: Biomer (multiple block co-polyether-urethane-urea) and PNIPAAm. At room 
temperature the resulting network-like structure had many entanglements and swelled in 
heparin solution and consequently absorbed it. At body temperature, heparin was released as 
the network shrank. The researchers used this heparin-loaded thermo-responsive coating to 
cover intravenous polyurethane catheters in a canine animal model. Results showed significant 
reduction of thrombus formation. 
Okano et al. [101] obtained block copolymer poly(N-isopropylacrylamide-b-
butylmethacrylate) (PNIPAAm-b-PBMA) that formed micelles. The hydrophobic inner core 
of the micelles was composed of self-aggregated PBMA segments and was loaded with the 
anti-cancer drug, adriamycin. The outer shell contained PNIPAAm segments that stabilised 
the micelles and were responsible for the thermo-responsiveness. At locally-heated sites, the 
outer core turned hydrophobic releasing the drug. Adriamycin-loaded micelles showed in vitro 
cytotoxicity only when heated above the LCST of 32.5°C.  
Hsieu et al. [102] studied the application of PNIPAAm in ophthalmic drops to release 
the ophthalmic agent, epinephrine, for glaucoma therapy. Two systems were studied. One 
type of drops was based on linear PNIPAAm and the other type was based on the mixture of 
linear PNIPAAm and cross-linked PNIPAAm nanoparticles. The drugs were administered 
into the eyes of rabbits. Both systems showed good results and prolonged release times 
(~ 6 h), especially ophthalmic drops with the mixture of linear PNIPAAm and crosslinked 
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PNIPAAm nanoparticles. Also both systems were found to show no cytotoxic activity on the 
epithelial cells of cornea.  
 
2.1.5.2. PNIPAAm in cell growth 
Thermo-responsive polymers have been widely used in cell growth. The actual role of 
the polymer here is to facilitate cell detachment upon cooling without using enzymes that can 
alter the morphology and function of cells [87, 103]. Cells adhere selectively onto hydrophobic 
surfaces. Hence cell detachment occurs upon cooling when the polymer switches from a 
hydrophobic to a hydrophilic state [104, 105].  
PNIPAAm is considered to be a poor substrate for cell growth and proliferation. 
However, this property can be improved by copolymerisation with appropriate                   
comonomers [106]. Normally PNIPAAm and its copolymers are grafted onto surfaces suitable 
for cell growth, such as polystyrene culture dishes. A substantial amount of research work has 
been done in this field [107-111]. 
Okano’s group was one of the first to start applying PNIPAAm as an active agent to 
release cells from culture plates. Their contribution to the development of thermo-responsive 
systems was considerable and the majority of today’s scientists do their research, relying on 
the early work of Okano’s group. 
In 1990, Okano et al. studied bovine hepatocytes and discovered that the cells easily 
detached from the surfaces modified with PNIPAAm-grafted chains when the culture 
temperature was reduced below 32°C [87]. In 1995, the same research group [112] grafted 
PNIPAAm with the LCST of 25°C in physiological phosphate-buffered saline solution 
(pH 7.4) and 32°C in water onto polystyrene cell culture dishes. Endothelial cells and 
hepatocytes attached and proliferated on these surfaces at 37°C. Hepatocytes detached at 
10°C and endothelial cells detached at 20°C. Since hepatocytes and endothelial cells have 
different temperatures for cellular metabolism and detachment, it is important to find the 
optimum temperature for these two processes [112]. Sodium azide was used as detachment 
inhibitor, suggesting that cell metabolism directly affects cell detachment. The cells detached 
due to reduced cell-surface interaction and due to morphological changes of active cells. 
Okano et al. [112] proposed a mechanism of cell detachment that involved two stages. 
According to them, cell rounding occurs when the surface of Petri dish grafted with 
PNIPAAm changes its nature from hydrophobic to hydrophilic (passive detachment). 
Subsequently, active detachment occurs involving cellular metabolism. 
Other copolymers of PNIPAAm, such as poly(NIPAAm-co-AAc) or poly(NIPAAm-co-
CIPAAm), were also studied. As AAc made PNIPAAm-grafted surfaces excessively 
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hydrophilic, cell proliferation was suppressed at 37°C. Since 2-carboxyisopropylacrylamide 
(CIPAAm) was more hydrophobic than AAc, cell adhesion and proliferation was found to be 
better on these surfaces at 37°C. When temperature decreased, cell detachment was faster on 
CIPAAm copolymer grafted surfaces than on the surfaces with pure PNIPAAm as a result of 
the carboxyl groups of CIPAAm that made it more hydrophilic [113].  
Okano et al. [114] extended further the study of P(NIPAAm-co-CIPAAm) grafted tissue 
culture dishes by attaching the cell adhesion promoter RGDS (arginine – glycine – 
asparagine - serine) sequences via the carboxyl groups of CIPAAm and studying human 
umbilical vein endothelial cells. At 37°C the copolymer collapsed exposing the functional 
RGDS sequence on the surface which promoted cell proliferation via integrin receptors. 
Below the LCST, swollen polymer chains restricted integrin receptors access to the RGDS 
sequence and mechanically disrupted cell-surface interaction resulting in cells detachment. 
Moran et al. [108] prepared copolymers of NIPAAm and N-tert-butyl acrylamide 
(NtBAAm) and coated them with cell adhesion promoters, such as collagen, poly-L-lysine, 
and laminin that bind physically to the copolymer surface to improve cell adhesion and 
growth. The researchers reported that cell detachment was slower when the copolymers were 
highly hydrophobic, i.e. the NtBAAm content was high. 
Vihola et al. [115] studied the cytotoxicity of PNIPAAm and found that the monomer 
was more toxic than the polymer. The tests showed that PNIPAAm was not toxic to cells in 
the concentration range from 0.01 to 10 mg ml-1. 
 
2.1.5.3. Separation technologies 
PNIPAAm has also been used to modify the stationary phase of an aqueous 
chromatography column. The fact that water can be used as an eluent instead of organic 
solvents makes this chromatography very interesting in terms of maintaining the structure and 
activity of bioactive compounds.  
Kanazawa et al. [35] prepared thermo- and pH-responsive poly(NIPAAm-co-BMA5%-co-
DMAPAAm5%) copolymers where butyl methacrylate (BMA) is a hydrophobic comonomer 
and  N,N-dimethylaminopropylacrylamide (DMAPAAm) is a cationic monomer. The LCST 
of this copolymer in water was at 31.1°C. The LCST decreased when the pH increased from 
6.0 to 9.0 (38.7 to 29.7°C accordingly) because deprotonation of amino groups in 
DMAPAAm increased the hydrophilicity of the polymer. At pH 4.5 – 6.0 the LCST was 
roughly constant (~ 38.8°C). At pH = 3.0, protonation took place and the LCST decreased to 
35.6°C [15]. Subsequently, poly(NIPAAm-co-BMA-co-DMAPAAm) copolymer was grafted 
onto aminopropyl silica beads and used as the packing material for a high performance liquid 
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chromatography (HPLC) column. This column was used to separate steroids [35],             
non-steroidal anti-inflammatory drugs such as ibuprofen, ketoprofen and naxoprofen [15] and 
anionic biologically active substances, such as proteins and peptides. The retention in these 
systems was maintained by the hydrophobic interactions between the solute molecules and the 
hydrophobic polymer chains immobilised on the stationary phase surface. Steroids, peptides, 
and proteins can be separated using columns packed with PNIPAAm-modified silica simply 
by changing the temperature of an aqueous mobile phase and consequently the phase 
separation temperature of the polymer. 
 
2.1.6. Summary 
In summary, this section introduced thermo-responsive polymers and described the 
prototypical example, poly(N-isopropylacrylamide) (PNIPAAm) in some detail. This polymer 
has been widely studied and used in different applications due to its LCST being close to body 
temperature. Different LCST and polymer conformation detection techniques were described, 
as well as the various parameters that can alter the LCST behaviour: polymer molecular weight, 
copolymerisation, and different additives. This polymer can easily be used in different model 
studies where temperature stimulus is important. The range of PNIPAAm applications is very 
diverse and the most prominent are the fields of controlled drug delivery and tissue 
engineering.  
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2.2. AMINO ACIDS AND PEPTIDE FORMATION 
2.2.1. Introduction 
This section will focus on the amino acids and peptide formation. Different types of 
amino acids and peptide structures will be discussed here. The principle of solid phase peptide 
synthesis will also be introduced.  
 
2.2.2. Amino acids 
Peptides and proteins are composed of amino acids (2-aminocarboxylic acids). There 
are only 20 naturally occurring amino acids. Synthetic amino acids can be obtained via 
enzymatic conversions. All amino acids, with an exception of glycine, have four different 
substituents around the central α-carbon atom (C-2): a carboxyl group, an amino group, a 
hydrogen, and a side chain (R), which is different to all amino acids (Fig. 2.13). All naturally 
occurring amino acids, except glycine, are chiral and found in L-enantiomeric form [116]. 
C CH2N
O
OH
R
H
α
 
Figure 2.13: General chemical structure of an amino acid 
Amino acids are classified according to the nature of the side chain. This classification is 
described below and the chemical structures of the 20 natural amino acids are given in the 
Table 2.2. 
The aliphatic amino acids are glycine, alanine, valine, leucine and isoleucine. They are strongly 
apolar as they do not contain any heteroatoms like N, O or S [116]. Peptides that contain 
glycine are more flexible than those with other amino acids because there are two hydrogen 
atoms in its structure that help to overcome any steric hindrance usually imposed by the 
amino acids side chains [117]. The aromatic amino acids possess resonance-stabilised rings in 
their side chains. This class includes phenylalanine (strongly apolar), tyrosine (intermediate 
polarity), tryprophan (intermediate polarity), and histidine (strongly polar). Since the imidazole 
ring of histidine can be easily protonated at neutral and weak pH, it can also be classified as a 
basic amino acid. 
The sulfur-containing amino acids, such as cysteine and methionine, are also apolar (in the 
case of cysteine it refers to the undissociated state only). A disulfide bond can be formed 
between two cysteine molecules which commonly stabilises protein secondary structure.   
The side chains of neutral amino acids contain hydroxyl groups (serine, threonine) or 
amide groups (asparagine, glutamine). The amide groups of asparagine and glutamine are very 
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polar. Aliphatic and aromatic amino acids are hydrophobic amino acids, whereas neutral and 
acidic amino acids are hydrophilic amino acids. 
 
Table 2.2: Natural amino acids 
Aliphatic 
Glycine (Gly) Alanine (Ala) Valine (Val) Leucine (Leu) Isoleucine (Ile) 
G A V L I 
 
 
 
    
Sulfur-containing Aromatic 
Cysteine (Cys) Methionine 
(Met) 
Phenylalanine 
(Phe) 
Tyrosine 
(Tyr) 
Tryptophan 
(Trp) 
C M F Y W 
 
 
  
 
 
Imino acid Neutral 
Proline (Pro) Serine (Ser) Threonine (Thr) Asparagine 
(Asn) 
Glutamine 
(Gln) 
P S T N Q 
 
 
 
 
 
 
 
  
Acidic Basic /aromatic Basic 
Aspartic acid 
(Asp) 
Glutamic acid 
(Glu) 
Histidine (His) Lysine (Lys) Arginine (Arg) 
D E H K R 
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The acidic amino acids, such as aspartic acid and glutamic acid, contain carboxyl groups 
that are almost completely ionised at physiological pH values. Also the side chains of the 
basic amino acids, lysine and arginine, are fully protonated at neutral pH. Arginine has the 
guanido group and is therefore very basic and very polar. 
Proline is a different amino acid. It has a five-membered ring and includes a chiral carbon 
and an α-amino group in the side chain. This is why proline is an imino acid. The nitrogen 
atom of proline is weakly basic and therefore not protonated at physiological pH. Within 
peptide chains, proline residues cause bends that interrupt secondary structure [116]. Proline 
also makes the peptide more rigid because of the locked conformation as the side chain is 
covalently linked to the amino terminus [117]. 
 
2.2.3. The amide bond and peptides primary structure 
In the primary structure of peptides and proteins amino acids are linked through an 
amide bond (peptide bond); the bond between the carboxyl group of one amino acid and the 
amine group of another amino acid (Fig. 2.14). Many properties of peptides and proteins can 
be explained by properties of the peptide bond [118]. 
 
 
Figure 2.14: Scheme of peptide bond formation 
 
The linking of two amino acids results in a dipeptide. In dipeptides, one of the two 
residues contains a free amino group (the N-terminal amino acid), while the other a free 
carboxyl group (the C-terminal amino acid). The naming and representation of peptides always 
begins at the left with the N-terminal amino acid.  
The peptide bond is planar due to stabilisation by resonance (Fig. 2.15), i.e., the 
delocalisation of electrons between the carbonyl oxygen and the amide nitrogen.  
 
 
Figure 2.15: Resonance structures of a peptide bond 
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The planar conformation can form trans and cis isomers (Fig. 2.16). Trans form is more 
stable than cis form because the cis form has greater steric repulsion between the Cα atoms and 
their attached groups. The trans peptide bonds dominate protein structure. 
 
Figure 2.16: Cis/trans isomers of peptide bond 
 
Each amino acid in a peptide is involved in the formation of two peptide bonds, the 
only exception being the terminal residues. 
 
2.2.4. Secondary structures 
Secondary structure refers to interactions within localised domains that result in three-
dimensional structure. As the residues can rotate around N-Cα and Cα-C bonds, the type of 
secondary structure formed depends on the stabilisation of the peptides intramolecular or 
intermolecular hydrogen bonds between the NH group (hydrogen bond donor) and the 
carbonyl oxygen atom (hydrogen bond acceptor) (Fig. 2.17). 
 
 
 Figure 2.17: Scheme of hydrogen bond formation   
 
 There are various types of secondary structure including α-helices and coiled coils,        
β-sheets, β-hairpins and β-turns. Only α-helical and β-sheet structures will be described in the 
following sub-sections, as they are most relevant to this work.  
 
2.2.4.1. α-Helix 
The right-handed α-helix is the most common secondary structure (Fig. 2.18). Each turn 
of the helix contains 3.6 amino acid residues. The intramolecular hydrogen bonds between the 
NH and CO groups stabilise the α-helices. The right-handed α-helices (from L-amino acids) is 
the preferred conformation energetically and stereochemically [116, 119]. 
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Figure 2.18: Representation of α-helix: a) schematic, b) molecular, c) view from the top  
(adapted from [119]) 
 
The nature of the amino acids in the primary structure is essential for helix formation 
and stability. According to the amino acids propensity scale to form α-helix, developed by 
Pace and Scholtz [120], alanine has the highest helix propensity. Also methionine, leucine, 
uncharged glutamate and lysine are compatible with helical structures. However, glycine, 
proline and negatively charged aspartate showed low propensities for helical structures. These 
amino acids do not act as hydrogen bond donors and consequently decrease helix stability 
[118].  
In nature the left-handed helix structure is scarcely represented, except in the collagens, 
which are important constituents of the connective-tissue matrix. In the α-helices of collagen 
hydrogen bonds are not possible, but the conformation is stabilised by the association of three 
left-handed helices to form a right-handed collagen triple helix structure [116]. When α-helices 
wrap around each other, they form a stable structure, known as coiled coils [121]. 
 
2.2.4.2. Pleated-sheet structures 
In pleated-sheet structures the peptide planes repeat the arrangement of a regularly 
folded sheet of paper. The hydrogen bonds form only between neighbouring chains. If the N- 
and C-termini alternate, the peptides form an antiparallel pleated β-sheet (βa) (Fig. 2.19). 
When all C-termini of the peptide chains are in one direction, a parallel pleated β-sheet (βp) 
is formed. βa structure is energetically more favourable due to almost linear hydrogen bonds 
[116]. 
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Figure 2.19: Schematic representation of anti-parallel β-sheets.  
Arrows represent the direction of β-sheet strands (adapted from [119]) 
 
It was reported that β-branched (valine, isoleucine and threonine) and aromatic amino 
acids usually form β-sheets. Glycine and proline do not have a pronounced tendency to form 
β-sheets [118].  
Both helices and β-sheets can be amphiphilic, meaning that they contain both 
hydrophilic and hydrophobic characteristics.  
 
2.2.5. Tertiary and quaternary structure 
The three-dimensional arrangement of secondary structural elements is called the 
tertiary structure. Quaternary structure refers to interactions between subunits, or individual 
polypeptide chains, in multichain protein. Not only hydrogen bonds but also other 
interactions, such as disulfide, ionic bonds and/or hydrophobic interactions, stabilise these 
structures (Fig. 2.20). 
 
Figure 2.20: Stabilising interchain interactions between amino acid residues: a) disulfide bridge,  
b) hydrogen bond, c) ionic bond (salt bridge), d) hydrophobic interaction [118] 
 
A typical example of a protein that adopts quaternary structure is insulin [116]. Insulin is 
composed of two peptide chains, referred to as A and B with 21 and 30 amino acids 
respectively. The A chain contains two sections of α-helices that lie alongside and the B chain 
wraps around it. The tertiary structure is stabilised by two disulfide bonds between A and B 
chains and an additional disulfide bond formed within the A chain. The quaternary structure 
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of insulin consists of hexamers (six insulin molecules as described above, grouped around two 
zinc ions) due to interactions between hydrophobic surfaces [116]. 
 
2.2.6. Solid phase peptide synthesis 
In 1963, R.B. Merrifield introduced the concept of solid phase peptide synthesis (SPPS), 
where the growing peptide is attached to a solid support (resin) allowing the removal of excess 
reagents and by-products by filtration [122]. SPPS is conducted on functionalised solid 
support and consists of assembling amino acids from the C- to the N-terminus.  
The solid support is typically composed of spherical beads of polystyrene, crosslinked 
with divinylbenzene. They contain active sites where the first amino acid of the peptide to be 
synthesised is usually attached to the beads. Beads can be purchased with different mesh size 
and different amino acid loadings. The porosity of the filter in the reaction vessel should also 
be taken into account when choosing the resin. Normally, 100 – 200 mesh (particle size 
distribution) is the recommended bead size. The beads swell in organic, or similarly polar 
solvents (except methanol, ether and water) and form a well-solvated gel with mobile 
polymeric chains, thus facilitating the access of the reagents to the active sites [118]. 
The general principle of SPPS is shown in Fig. 2.21 [118]. First, the anchoring group, or 
linker, is introduced onto the polymeric support (Fig. 2.21, step 1). There are many linkers for 
polystyrene core resins depending on the nature of the C-terminus of the desired peptide and 
cleavage conditions. Wang resin with a polystyrene core functionalised with a Wang linker    
(4-hydroxymethylphenoxy) was used in this work (Fig. 2.22). 
Peptides are synthesised from the C- to the N-terminus beginning at the benzylic 
alcohol of the Wang linker (Fig. 2.21, step 2). In most cases, Wang resin can be purchased 
with the first amino acid preloaded. In this work, Wang resin preloaded with lysine (K) was 
employed, hence the SPPS synthesis starts from step 3 in Fig. 2.21. When the protecting 
group is removed, the next amino acid can be coupled (step 4). Then steps 3 and 4 are 
repeated (step 5) until the desired peptide sequence has been completed. Finally, the covalent 
bond between the linker and the peptide chain is cleaved. Usually the side chain-protecting 
groups may also be removed during the cleavage step (step 6). Subsequently, this peptide is 
present in solution and can be separated from the insoluble polymeric support by filtration. 
Every deprotection and coupling step is followed by the Kaiser test to ensure that 
reaction has taken place. Hinhydrin, present in the solution for the Kaiser test, reacts solely 
with primary and secondary amines, forming a deep blue coloured compound. If the coupling 
step is successful, no colouring occurs. 
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Figure 2.21: Scheme of solid-phase peptide synthesis (adapted from [118]) 
 
 
Figure 2.22: Schematic representation of Wang resin 
 
Ten of the proteinogenic amino acids (S, T, Y, D, E, K, R, H, U and C) have functional 
groups in the side chain that have to be protected before coupling. There are intermediary 
(temporary or transient) and semipermament protecting groups. The temporary groups are 
used for temporary protection of the amino or carboxy functional group, involved in 
subsequent bond formation. The semipermanent groups are cleaved at the end of the 
synthesis.  
Each deprotection-coupling cycle is initiated by selective cleavage of the Nα-protecting 
group. The linker and the semipermanent amino acid side chain-protecting groups must be 
chosen correctly with the respect to the protecting group chemistry of the temporary          
Nα-protecting group. 
Chapter 2                                                                                                       Literature Review 
 
 
 
56 
In SPPS, either the acid labile tert-butyloxycarbonyl (Boc) group or the base-labile 
fluorenyl-9-methyloxycarbonyl (Fmoc) group are applied as temporary N-α-protecting groups. 
Boc is usually cleaved with TFA. Repetitive TFA acidolysis in Boc-group deprotection could 
lead to alternation of sensitive peptide bonds as well as acid catalysed reactions. That is why in 
SPPS using Fmoc protocol the growing peptide is subjected to mild base treatment using 
piperidine during Fmoc-deprotection. TFA is only required for the final cleavage when side-
chain protecting groups are cleaved simultaneously with detachment from the peptide resin. 
Fig. 2.23 shows the protecting group and cleavage strategy for Fmoc chemistry [123]. 
CH2
H
O
C
O
NH
CH
H2C
C
NH
O
C
O
O
TFA
Piperidine  
Figure 2.23: Protecting group strategies in SPPS 
 
SPPS possesses many advantages over solution peptide synthesis [123]: 
- good yields of 80 - 90% of the peptide are possible due to its attachment to a solid 
support 
- excess reagents and by-products can be removed by washing and filtering the solid 
support 
- the process can be automated 
- the use of excess reagents leads to the completion of the reaction 
- poor chemoselectivity of some reagents can be improved by attachment of the 
appropriate component to the solid support to give only the desired product 
- selective derivatisation of peptide end is possible. 
However, there are some limitations [118]: 
- heterogeneity of the final product if all deprotection and coupling steps are not 
quantitative 
- use of a lot of starting materials as they are added in excess 
- undesirable side reactions during activation, coupling and deprotection may occur 
- it is sometimes difficult to swell the resin efficiently to ensure diffusion of the 
reagents and amino acid coupling at all active sites 
- aggregation of the growing peptide chain may complicate the synthesis 
- peptide can be damaged during cleavage 
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2.2.7. Summary 
This section presented some general aspects about amino acids chemical nature, peptide 
bond formation, and peptides structure. The notion of SPPS using Fmoc protocol has also 
been introduced, describing important parameters for the correct choice of resin, amino acids 
protecting groups and reaction conditions.  
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2.3. PEPTIDE SELF-ASSEMBLY 
2.3.1. Introduction 
Molecular self-assembly can be defined as spontaneous organisation of molecules under 
certain conditions into structurally well defined and stable arrangements through non-covalent 
interactions such as hydrogen bonding, electrostatic, hydrophobic and van der Waals 
interactions. Although these forces are weak on their own, they form very stable structures 
when combined [124].  
Self-assembling materials have an amphiphilic nature as they contain both hydrophobic 
and hydrophilic segments. Amphiphilic molecules are widely present in nature and include 
lipids, peptides and proteins. They serve as building blocks for the construction of functional 
assemblies, such as cellular membranes, the cytoskeleton, and the extracellular matrix. Three 
most widely used classes of self-assembling molecules are lipids, block copolymers, and 
peptides/proteins and they are depicted in Fig. 2.24 along with the forces that drive their   
self-assembly into various structures [125]. When dissolved in an appropriate solvent (solvent 
choice depends on the building blocks), the self-assembly of these molecules is driven by weak, 
non-covalent interactions and depending on the monomer structure different morphologies of 
assembled structures can be obtained ranging from vesicles, micelles, tubes to fibrillar rich 
networks.  
Monomers Molecular 
Interactions
Self -Assembled 
Structures
Lipid
Block copolymer
Peptide / Protein
Helix
Sheet
Electrostatics
Hydrophobic 
interactions
Hydrogen
bonding
Spherical 
micelle Wormlike 
micelle
Vesicle Vesicular
tube
Micellar disk
Lamellar sheets
Fibrillar networks
 
Figure 2.24: Scheme showing various building blocks and different structures in which they can  
self-assemble through various intermolecular interactions (hydrophilic part is depicted in blue, 
hydrophobic part – in orange) (adapted from [125]) 
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Lipids represent the simplest naturally occurring amphiphilic material. Synthetic block 
copolymers [126-132], and peptides/proteins [133-135] have been shown to form various 
morphologies due to the balance between their hydrophilic and hydrophobic parts. Hybrid 
materials, derived from combining peptides, polymers and lipids, have also been reported 
[136-138]. 
Peptide and protein self-assembly is a widespread phenomenon in nature [124]. The 
widely cited examples include the process of protein folding [135], the self-assembly of 
tobacco mosaic virus [139] or formation of pyruvate dehydrogenase complex [121]. Regulated 
self-assembly of proteins plays a major role in many biological processes, for example, the 
association of four hemoglobin molecules into a tetramer or six insulin molecules into 
hexamer [124, 140]. Amyloid fibrils are the key example of protein self-assembly. Unregulated 
self-assembly resulting from the misfolding and aggregation of proteins is characteristic of 
degenerative amyloid disorders such as Alzheimer’s disease, Parkinson’s disease, and type II 
diabetes [133]. In these diseases the misfolded proteins assemble into insoluble amyloid fibrils 
that aggregate into plaques in different organs and tissues and are considered neurotoxic [141]. 
Peptides afford design of self-assembled materials with controllable structural features 
and simultaneous tuning of physicochemical and biological properties. Self-assembly of 
various peptide sequences give various nanostructures that form higher level hierarchical 
associations which mimic the structure of native extracellular matrix. A great variety of natural 
and synthetic amino acids are available for peptide synthesis using relatively simple 
preparation techniques, such as SPPS (see sub-section 2.2.6.) [142]. Self-assembled peptide 
networks are widely used as substrates for cell culture and scaffolds in regenerative medicine, 
where the role of the scaffold is crucial in successful cell adhesion, proliferation and 
differentiation [143-146]. 
Self-assembling systems can be also considered as stimuli-responsive materials because 
their structure, assembly and disassembly can be triggered by environmental changes such as 
temperature, ionic strength, pH or enzymes [132, 147-153]. Some researchers think that since 
the self-assembly is driven by weak interactions, the aggregates stability and strength can be 
affected during the response to environmental stimuli. This can be a limiting factor for the 
application of such materials [154]. However, there are many examples of successful 
application of self-assembling materials, mostly as scaffolds in tissue engineering and as drug 
carriers in controlled drug delivery. The study of self-assembling systems will also provide 
more understanding about molecular mechanisms in protein-folding disorders and will 
facilitate the development of therapeutic strategies. 
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2.3.2. Self-assembling peptide systems 
Zhang et al. [155] was one of the first research groups that reported self-assembly of 
short peptides, whose structure was based on the principle of ionic complementarity. They 
also showed various examples of their application possibilities [142, 156-162]. There are four 
different types of self-assembling peptide according to Zhang and coworkers [155, 163]. These 
are introduced below. 
Type I peptides can assemble spontaneously into well defined nanostructures and form 
β-sheet structures in water due to the alternating negatively, positively charged and neutral 
hydrophobic and hydrophilic residues [158, 164-166]. Type I peptides are also called ionic 
complementary peptides. Type II peptides can change their properties abruptly in a response 
to environmental changes. An example of this is a dipolar 16 amino acids-long peptide 
ADADADADARARARAR (DAR16-IV, where A is alanine, D is aspartic acid, and R is 
arginine; IV means that the peptide has four consecutive positively and/or negatively charged 
residues). This peptide formed a β-sheet structure at ambient temperature and changed to     
α-helix at high temperatures [167, 168]. Upon cooling an α-helical structure was retained, 
however the peptide returned partially to the initial β-sheet conformation over several weeks 
at ambient temperature. Similar conformational changes can be induced by changing pH [167]. 
Type III peptides undergo self-assembly on surfaces to form monolayers that can be used for 
cell patterning or for interaction with other molecules. They have three distinct features: the 
ligand segment that ensures recognition by other molecules or cells due to some functional 
groups in its structure, the central linker that is responsible for the flexibility and rigidity of the 
system, and the surface anchor to form a covalent bond with the surface. This system is 
thought to be useful in biomedical engineering and biology [124, 159, 169]. Type IV peptides 
are biphasic hydrophobic-hydrophilic peptides, called surfactant-like peptides. They have a 
hydrophobic tail with various degrees of hydrophobicity, and a hydrophilic head. 
During the last few decades there has been an increased interest in self-assembling 
peptides owing to their interesting properties and promising application. This generated a 
great number of research papers on peptides that can self-assemble into different architectures 
and this is why another classification system appeared. The classification is based on the 
structure of monomeric units that participate in the self-assembly [117, 170-172]. These motifs 
usually are amphiphilic peptides that form different secondary structures, for example,          
α-helices, β-sheets, and β-turns, also surfactant-like and hydrophobic peptides, such as short 
aromatic peptides. Examples of these peptides will be given below. 
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2.3.2.1. Systems based on β-sheet structures – ionic complementary peptides 
This type is consistent with Zhang’s Type I peptides. The structure of these materials is 
based on the principle of ionic complementarity because the peptide sequences contain 
alternating positively, negatively charged and neutral amino acids. Self-assembly of such 
peptides is governed not only by hydrogen bonding and hydrophobic interactions but also by 
ionic interactions. These peptides form β-sheet secondary structure and then form fibrils, 
membranes and hydrogels when peptide concentration is increased. The self-assembly can be 
affected by the peptide sequence, concentration, pH, and presence of salts. These materials 
can be used in tissue engineering, drug/gene delivery and biological surface patterning [143, 
160, 173-175]. Since this type of peptides was used in the research project, further description 
of these systems will be given in section 2.3.3. 
 
2.3.2.2. Systems based on β-hairpins 
Another class are β-hairpins which consist of two amino acid sequences connected 
centrally with a short turn sequence. Groups of Pochan and Schneider made a significant 
contribution in the development and understanding of these systems and reported a number 
of peptides that exhibit this behaviour [176-179]. They connected two valine and lysine 
containing sequences with tetrapetide VDPPT (V - valine, P – proline, and T - threonine).  
Non-natural proline in its D-form in this tetrapeptide adopted a β-turn conformation under 
certain conditions (basic pH, temperature, ionic strength), thus imposing a hairpin-like 
structure to a whole peptide sequence. These hairpins subsequently self-assembled into larger 
fibrillar aggregates, i.e. gels, due to hydrophobic interactions and intramolecular hydrogen 
bonding. For example, Pochan and Schneider reported that 20 amino acid long peptides 
VKVKVKVK-VDPPT-KVKVKVKV-NH2 (MAX1) and VKVKVKVK-V
DPPT-
KVEVKVKV-NH2 (MAX8) with alternating valine and lysine residues were β-hairpin 
peptides that underwent self-assembly triggered by increased ionic strength. At pH 7.4, 37°C 
and low ionic strength MAX1 was soluble and unfolded due to electrostatic repulsions 
between positively charged lysine residues. When the salt concentration increased, the charges 
were screened and the peptide adopted a β-hairpin structure stabilised by intramolecular 
hydrogen bonds. Since one face of the hairpin contained hydrophilic lysine residues and the 
other hydrophobic valine residues, hairpins started to collapse into fibrillar structures 
stabilised by intermolecular hydrogen bonds [177]. MAX8 was an analogue of MAX1 and 
contained glutamic acid instead of lysine in position 15. It was observed that MAX8 
underwent faster folding and self-assembly in comparison to MAX1 under the same 
conditions due to reduced positive charge and reduced electrostatic repulsion [178]. 
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Later Pochan and Schneider [179] claimed that increasing the temperature of MAX1 
peptide solution at pH 7.4 resulted in peptide folding and subsequent self-assembly. They 
stated that at low ionic strength, at pH 9 and at temperatures below 20°C, the peptide 
remained unfolded. At 37°C hydrophobic valine residues were more solvated, leading to the 
peptide folding and self-assembly. Aggregation and shielding of hydrophobic valine sides from 
water was energetically more favorable than electrostatic repulsion of lysines. Schneider et al. 
[180] extended the gelation kinetic studies of 20-residues long amino acids. They designed two 
more MAX1 analogues in which they replaced the lysine (K) in position 15 with glutamine (Q) 
and threonine (T) and obtained the peptides K15Q and K15T accordingly. Glutamine and 
threonine are neutral amino acids. The replacement of K in position 15 in the peptide MAX8 
with E gave the peptide K15E.  By replacing lysine with glutamine, threonine and glutamic 
acid, the total charge of the peptide decreased from +9 (MAX1) to +8 (K15Q and K15T) and 
+7 (K15E). Peptides with the decreased charge formed gels quicker.  
The researchers stated that folding and self-assembly of this type of peptides can be 
triggered by different stimuli: by pH to obtain reduced point charge of the lysine residues, by 
ionic strength to screen the charges, or by temperature to facilitate the attraction of 
hydrophobic residues (Fig. 2.25). 
 
 
Figure 2.25: Scheme showing peptide folding into β-hairpin structure, driven by different stimuli, and 
assembly of β-hairpins (adapted from [180]) 
 
The same research groups of Pochan and Schneider designed and studied 32 amino acid 
long peptide TSS1 with alternating valine and lysine residues and two tetrapeptides 
VKVKVKVKVDPPTKVKVKVKVDPPTKVKVKVKV-NH2 (V
DPPT) in its structure 
(Fig. 2.26) [181].  
Chapter 2                                                                                                       Literature Review 
 
 
 
63 
 
Figure 2.26: Chemical structure of TSS1 peptide [181]. 
 
This peptide adopted three-stranded β-sheet structure upon heating leading to the self-
assembly into gels of well-defined β-sheet fibrils. These gels possessed good mechanical 
properties (at pH 9 elastic modulus, G' varied from 1750 to 9000 Pa and at pH 7 G' was 
~ 9000 Pa) which made them attractive for the cell culture applications. 
 
2.3.2.3. Systems based on surfactant-like peptides 
This classification is consistent with Type IV peptides from Zhang’s classification. 
Surfactant-like peptides have a hydrophobic tail and a hydrophilic head. Zhang reported that 
seven to eight amino acid long peptide monomers with the head composed of negatively 
charged aspartic acid (D) and glutamic acid (E) or positively charged lysine (K) or histidine 
(H), and the tail with alanine (A), valine (V), or leucine (L), behaved as typical surfactant. The 
length of each peptide was ~ 2 nm, similar to that of biological phospholipids. Surfactant-like 
peptides, such as A6D, V6D, V6D2 and L6D2, interacted not only through packing of the 
hydrophobic tail, but also through intermolecular hydrogen bond formed along the backbone. 
These peptides formed nanotubes and nanovesicles with diameters ranging from 30 to 50 nm 
[182, 183].  
Zhang et al. [182] also studied surfactant-like peptides which contained glycine (G) 
residues in the hydrophobic tail and aspartic acid (D) residues in hydrophilic head. Authors 
assumed that the peptides would form a bilayer similar to phospholipids to hide hydrophobic 
glycine tails from water molecules. They prepared four peptides: G4D2, G6D2, G8D2 and G10D2, 
and noticed that at neutral pH in water these peptides formed nanotubes and nanovesicles 
with the expected bilayer structure (Fig. 2.27). Results showed that G4D2 formed mostly 
nanotubes, G6D2 formed more vesicles and nanotubes similar to those of G4D2. G8D2 and 
G10D2 formed more entangled nanotubes with some globular aggregates. The length of glycine 
tail determined the structural morphology of the assemblies [182]. 
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Figure 2.27: Molecular models of nanotube (A) and nanovesicle (B) formed by surfactant-like 
peptides with negatively charged heads (in red) and glycine tails (in green) (adapted from [182]) 
 
Stupp and Hartgerink [161] observed pH triggered assembly of a peptide amphiphile 
resulting in the fibrillar network. The peptides contained a long alkyl tail that made them 
hydrophobic, four consecutive cysteine residues that could be oxidised and form disulfide 
bridges to enhance structural stability of the assembly, a linker of three glycine residues, a 
single phosphorylated serine residue, and an RGD sequence to improve cell adhesion. The 
peptides self-assembled into a cylindrical structure, in which alkyl tails were hidden inside and 
the peptide segments were exposed on the surface. The cylindrical micelles were similar to 
fibrillar structures. They studied the mineralisation of the peptide fibres which formed a 
composite material that mimicked the lowest level of structural orientation between collagen 
and hydroxyapatite observed in bone. Furthermore, Stupp and Hartgerink [184] used the same 
peptide-amphiphile model and studied the effect of alkyl chain length and peptide sequence 
composition on the self-assembly and nanofiber morphology. The study included a family of 
peptide amphiphiles that self-assembled reversibly into nanofibers in response to change of 
pH. This occurred due to the presence of cysteine residue in the peptide sequence (Fig. 2.28).  
 
Figure 2.28: Schematic representation of self-assembly of peptide-amphiphile upon acidification and 
intermolecular cross-linking upon oxidation. The processes are reversible upon pH increase and reduction of 
disulfide bridges (adapted from [184]) 
Peptides self-assembled upon acidification and disassembled at neutral and basic pH. 
Oxidation of self-assembled nanofibers resulted in their increased structural stability due to 
intermolecular disulfide bonds. This crosslinked system was stable over a broad pH range. 
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2.3.2.4. Systems based on α-helical structure 
As described before, the α-helix is one of the key secondary structures and is  
characterised by a single spiral chain of amino acids stabilised by hydrogen bonds. 
Woolfson et al. [185] have studied extensively the self-assembly of α-helical peptides. The 
majority of coiled-coil structures are based on the 7-residue (heptad) sequence repeat, 
abcdefg, where a and d are usually hydrophobic and the remaining residues tend to be polar. 
When folded, the a and d positions of such sequences align along one face of the helix making 
it amphipathic (Fig. 2.29). Two or more such amphipathic helices assemble through their 
hydrophobic faces to make the coiled-coil oligomer. Charged residues at e and g, which flank 
the a/d core, couple with an electrostatically-appropriate residue to form the hetero-
oligomeric assemblies.  
 
Figure 2.29: Schematic representation of peptide heptades that adopt α-helical conformation. a and d 
positions are usually occupied by apolar residues, whereas other residues are polar (adapted from [185]) 
 
In 1997, Kojima et al. [186] were the first to study the peptide that adopted α-helical 
conformation. They studied α3-peptide that contained three repeats of the seven-residue 
sequence LETLAKA. They observed that at low salt concentration and at pH 6.0 many fibrils 
of 5 - 10 nm in width were formed. An increase in salt concentration resulted in the assembly 
of many filaments into larger fibres. 
Woolfson et al. [187] studied two 28-residue self-assembling fiber (SFA) peptides     
SFA-p1 and SFA-p2 which had a staggered hydrophobic interface or “sticky end” in their 
structure. A peptide formed a coiled-coil interface with another peptide through this “sticky 
end” principle. Authors reported that the peptides SFA-p1 and SFA-p2 formed extended 
coiled-coil fibres. 
Kajava et al. [188] also studied α-helical coiled-coil structures. They studied pH influence 
on the behaviour of α-helical fibril-forming peptide of 34 residues. They reported that, at 
slightly acidic pH values, it assembled into long fibrils of 2.5 nm in diameter. The fibrils were 
composed of five-stranded coiled coils as expected. At pH 7 spherical aggregate were formed. 
The authors reported that these gels could be used to encapsulate and to release bioactive 
molecules in a controlled fashion. 
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2.3.2.5. Systems based on aromatic interactions 
Gazit et al. [189] studied aromatic dipeptide, dipehylalanine, that is known to be present 
in Alzheimer’s β-amyloid peptide sequence. The dipeptide was dissolved in organic solvent 
and this solution was depositied onto siliconised glass. After solvent evaporation a highly 
ordered arrangement of vertically aligned nanotubes was observed (Fig. 2.30). Other 
diphenylalanine analogues showed similar behaviour and assembled in tubular structures [190]. 
Authors suggested that not only intermolecular hydrogen bonds were responsible for the self-
assembly, but also π-π interactions of aromatic side chains, resulting in increased meachanical 
stability and strength of the nanotubular structure [189]. 
 
   
Figure 2.30: SEM pictures of vertically aligned nanotubes of diphenylalanine (A) and high-resolution 
SEM revealed their open-ended structure (B) [190] 
 
One other aromatic dipeptide, diphenylglycine, was reported to form nanospherical 
assemblies [191]. When cysteine was introduced into diphenylalanine structure, the peptide 
formed spherical particles similar to those of diphenylglycine. Authors claimed that in this case 
the formation of the spherical structure was driven by disulfide bridges that drove the closure 
of the two-dimensional layer into more tightly packed spherical structure. These aromatic 
nanostructures showed excellent stability in acidic and alkaline conditions [191].  
Ulijn et al. [150, 192, 193] extended the study on short aromatic self-assembling peptides. 
They introduced fluorenylmethoxycarbonyl (Fmoc), naphatlene or benzyloxycarbonyl groups 
at the N-terminus of di- and tripeptides. The results showed that the self-assembly was driven 
not only by antiparallel β-sheet forming peptides, but also by π-π stacking interactions of 
aromatic rings. Recently, the study of Fmoc-FF revealed that the peptides formed anti-parallel 
β-sheets with the Fmoc groups acting as a zipper to bring neighbouring sheets together. The 
neighbouring sheets were rotated in relation to one another because of the twist introduced by 
the β-sheet structure, thus creating a cylindrical structure [192]. They also showed that pH had 
an effect on the self-assembly of Fmoc-FF [194]. At high pH, an entangled network of flexible 
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fibrils was formed resulting in a weak gel, whereas at intermediate pH values flat, rigid ribbons 
were observed that did not entangle and hence did not form a gel. 
 
2.3.3. Ionic-complementary peptides and their self-assembly 
As described previously (see section 2.3.2) ionic-complementary peptides are 
characterised by an alternating arrangement of negatively and positively charged or uncharged 
amino acid residues. There are three types of charge distribution: Type I: -+; Type II: - - ++; 
Type III: - - - +++, and Type IV: - - - - ++++ [163].  
In general, ionic-complementary peptides form β-sheets in water solutions, but random 
coil and β-α transitional structures are also found [155, 163, 167]. Peptides with short amino 
acids sequences usually form random coil structures but the peptides of type IV have 
propensity to undergo a β-α conformational change in response to temperature increase. 
The first ionic-complementary peptide studied by Zhang et al. [164] was EAK16 that 
contained 16 alternating hydrophobic and hydrophilic amino acid residues. EAK16 had 
different molecular structure depending on charge alternation: EAK16-I, EAK16-II and 
EAK16-IV. This peptide formed β-sheets and further stable membrane-like structures when a 
salt was added. EAK16-II peptide is present in nature as a repeated segment in a yeast protein. 
Its structure is given in Fig. 2.31. It is seen from the structure of the peptide that β-sheets are 
stabilised by hydrogen bonding, hydrophobic and electrostatic interactions (Fig. 2.31A). 
Fig. 2.31B shows the self-assembly of the β-sheets in an anti-parallel manner. 
The amino acid residues can be easily replaced by different residues, offering a wide 
range of primary sequences and leading to different self-assembled aggregates with various 
properties. For example, DAR16 peptide sequence can be easily obtained by replacing charged 
residues in EAK16 sequence.  
 
 
Figure 2.31: Scheme of EAK16-II self-assembly through hydrophobic interactions and ionic complementarity 
(adapted from [164, 195]) 
Ionic complementarity 
Hydrophobic interaction 
β-sheet 1 
β-sheet 2 
β-sheet 3 
A 
B 
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β-sheets formed by many ionic-complementary peptides are extremely stable under 
different physiological conditions and are impermeable to denaturing agents. Their stability 
can be explained by hydrogen bonds formed by peptide groups on the backbone itself, by 
interactions of charges residues via hydrogen and ionic bonds, and by hydrophobic 
interactions of nonpolar residues [195]. 
Saiani et al. [196, 197] and Nilsson et al. [198] developed self-assembling systems based 
on ionic-complementary octa-peptides. Saiani et al. studied four octa-peptides AEAEAKAK, 
AEAKAEAK, FEFEFKFK and FEFKFEFK. The self-assembly and gelation properties of 
theses peptides in water have been studied by Fourrier transform infrared spectroscopy 
(FTIR), transmission electron microscopy (TEM), atomic force microscopy (AFM) and small 
angle neutron scattering (SANS). No self-assembly was observed for AEAKAEAK. Only 
fibres of ~ 6 nm in radius were observed for AEAEAKAK which did not associate into a 
three dimensional (3D) network. This peptide formed α-helix rich fibres that did not form gel 
due to their rigidity. Thus no gelation was observed for AEAEAKAK. FEFKFEFK and 
FEFEFKFK peptides adopted β-sheet conformation as expected and formed gels at 
concentrations higher than 8 mg ml-1. Below this concentration these peptides formed fibrillar 
structures with average radii of ~ 4  nm. Above 8 mg ml-1 the mesh size of the gel network 
varied between 15 and 30 nm depending on the gel concentration as determined by SANS 
[196].  
β-sheet peptides can form different higher level hierarchical structures depending on 
their concentration. Aggeli et al. [199] reported two 11-residues long peptides P11-I (CH3CO-
QQRQQQQQEQQ-NH2) and P11-II (CH3CO-QQRFQWQFEQQ-NH2) that adopted         
β-sheet secondary structure and assembled in one dimension into antiparallel β-sheet tapes, 
ribbons, fibrils and fibres (Fig. 2.32). The final structure was controlled by peptide and salt 
concentration. Peptide monomers self-assembled into tapes, two of which formed a ribbon. 
As the peptide concentration increased, higher level assemblies were possible, such as fibrils 
and fibres. 
monomermonomer
tape ribbon fibril fibre
conformational
change
concentration  
Figure 2.32: Self-assembly of peptide tapes. Different structures can be formed depending on peptide 
concentration (adapted from [199]) 
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2.3.4. Different factors that affect self-assembly of ionic-
complementary peptides 
2.3.4.1. Peptide sequence effect  
The amino acid sequence determines the structure and properties of the peptide and 
protein. Each amino acid has its own impact on the secondary structure which is influenced 
mainly by its hydrophilic and hydrophobic nature (see section 2.2.2) [200]. 
Hong et al. [201] reported that EAK16-II formed fibrillar assemblies at pH values 
between 4 and 11, whereas EAK16-IV formed globular nanostructures at near neutral pH 
(pH 6.5 – 7.5). At 7.5 < pH < 6.5 the peptide EAK16-IV formed fibrillar assemblies similar to 
those of EAK16-II. Regarding the mechanism for the self-assembly of these two peptides, 
Hong et al. stated that EAK16-II peptide first formed fibres that subsequently aggregated into 
fibrillar assemblies. At neutral pH hydrophobic sides of EAK16-IV were exposed to the 
solvent and then hydrophobic attraction took place, resulting in globular structures. 
Dobson et al. [202] reported that at pH 2.6 KTVIIE formed β-sheet structures, whereas 
KTVLIE and KTVIYE formed random coil secondary structures (I - isoleucine, Y - tyrosine). 
The formation of the antiparallel β-sheets was determined by the ionic-complementarity 
between K and E residues and the hydrophobic interaction of the middle four residues. 
Leucine is less hydrophobic than isoleucine, therefore the interactions of antiparallel β-sheets 
of KTVLIE were weaker than of KTVIIE. Authors also assumed that tyrosine residue in 
KTVIYE might interact with the tyrosine residues of other peptides, forming β-sheet 
structure. 
The team of Lauffenburger [203] studied the salt effect on the self-assembly of three  
12-amino acid-long peptides ((IKIE)3, (FKFE)3 and (VKVE)3)). They found that since the 
peptide self-assembly was driven by hydrophobic attraction of peptide side chains, the critical 
coagulation concentration decreased as the hydrophobicity of the peptide increased. The 
hydrophobicity of the residues increased in the following ranking: F < V < I.  
Nilsson et al. [198] took (FKFE)2 peptide as a model system to study the effect of 
aromatic and hydrophobic residues. They prepared (FKFE)2 analogues in which they replaced 
F by other amino acid residues such as A, V, L, and cyclohexylalanine (Cha). Cha residue was 
more hydrophobic than F. Their results showed that the self-assembly of short amphiphilic 
peptides was not driven only by the interactions of aromatic residues but also by the 
hydrophobic interactions. Four of the peptides studied ((FKFE)2, (LKLE)2, (VKVE)2 and 
(ChaKChaEChaKChaE)2) self-assembled and formed fibres. (AKAE)2 did not show self-
assembly. These results were consistent with those observed by Saiani et al. [196].              
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Cha-containing peptide formed thinner fibres than F-containing peptide due to its 
hydrophobic nature and consequently rapid nucleation and elongation. 
 
2.3.4.2. Concentration effect 
The concentration dependence of peptide self-assembly is similar to that of surfactants. 
Below the critical aggregation concentration (CAC) the peptides would be in a form of 
dispersion, and at, or above, the CAC they would aggregate. As mentioned in section 2.3.3, 
concentration of β-sheet peptides influenced directly the formation of higher level structures. 
Fung et al. [204] studied the effect of concentration on self-assembly of EAK16-II by 
different techniques, such as surface tension measurements, light scattering and atomic force 
microscopy (AFM). They stated that the nanostructure formation was concentration-
dependent and proposed a model for self-assembly, which included two stages for fibre 
formation (Fig. 2.33). During the first stage, the peptide monomers self-assembled into 
protofibrils and this process depended on the peptide concentration. The protofibrils could be 
globular or filamentous, but in both structures β-sheets were present. Above the CAC of 
0.1 mg ml-1, the protofibrils associated into fibrils or larger globules. It was anticipated that 
small globules could align along the filaments, resulting in larger fibrils. Studies of EAK16-II 
peptide showed that an increase in concentration did not influence the width of fibrils, only 
their length. Hence, the fibrillar network became more dense.  
Peptide 
monomers Protofibrils
Globules Globular aggregates
Filaments Fibrils with globules
 
Figure 2.33: Scheme of self-assembly of EAK16-II [204]. Red segments in the structure of protofibrils 
represent hydrogen bonds. 
The scheme in Fig. 2.33 is slightly different from that proposed by Saiani et al. (Fig. 2.34) 
[197]. 
Peptide monomers ß-sheet fibres Fibrillar network  
Figure 2.34: Scheme of peptide self-assembling into fibrillar network [197] 
Chapter 2                                                                                                       Literature Review 
 
 
 
71 
According to this scheme peptides started to self-assemble into β-sheet fibres once dissolved 
in water. Then these fibres started to grow in length when the concentration increased, 
forming a dense network of interwoven fibres. The fibre width was ~ 4 nm which was equal 
to the width of peptide in a stretched conformation. The self-assembly of ionic-
complementary peptides is likely to occur according to scheme depicted in Fig. 2.34.  
 
2.3.4.3. pH effect  
pH is an important parameter when considering the use of peptides and proteins, since 
it can directly affect their ionisation state. When amino acids are charged, they can play a 
major role in the stabilisation of peptide and protein conformation through electrostatic 
interactions and hydrogen bonds. 
Hong et al. [201] studied two peptides EAK16-II and EAK16-IV. They observed the 
changes in nanostructure with pH variation. It was found that EAK16-IV showed the 
propensity to form globular structures at pH 6.5 – 7.5 due to strong intramolecular 
electrostatic interaction. At pH values below 6.5 when most of the glutamic acid residues were 
neutralised and intramolecular electrostatic attractions were weakened, fibrillar structures were 
observed. Similar structures were detected at pH higher than 7.5 when most of the lysine 
residues were neutralised. In contrast, EAK16-II peptide formed fibrillar nanostructures in the 
pH range from 4 to 11.  
In addition, Aggeli et al. [205] investigated the effect of pH on the assembly of the 
peptide QQRFQWQFEQQ (P11-II). At pH < 5, when only arginine was positively charged, a 
gel was formed due to stabilisation of the fibrillar dispersion. At pH > 5, when both glutamic 
and arginine residues were charged, flocculation occurred due to electrostatic interactions of 
neighbouring charged residues.  
WEAALAEALAEALAEHLAEALAEALEALAA peptide (GALA) [206] and its 
analogue, WEAKLAKALAKALAKHLAKALAKALKACEA peptide (KALA) [207] are 
other examples of pH-mediated systems. When the pH was lowered from 7 to 5 for solution 
of  the GALA and when pH was increased from 5 to 7.5 for solution of the KALA, both 
peptides underwent conformational changes from a random coil to an amphipathic α-helix. In 
the case of the GALA peptide, electrostatic repulsions of glutamic acid residues destabilised 
the helical conformation at pH 7 (α-helices - 19%, β-sheets - 20%), whereas at pH 5 
neutralisation of glutamic acid residues promoted α-helix formation (α-helices - 69%,            
β-sheets -  20%). In the case of the KALA peptide, when the pH was lowered from 8, seven 
lysine residues were positively charged and two glutamic acid residues were negatively charged. 
This promoted α-helical structure formation. When the pH decreased below 7, the histidine 
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residue became protonated and neutralised the negative charge of glutamic acid, thus 
increasing total positive charge of the peptide. This facilitated the disruption of α-helices. Thus, 
at pH 8.6 the content of α-helices was 51% and at pH 4.5 their content decreased to 41%. 
As ionic-complementary peptides contain both negatively and positively charged 
residues, pH changes will have an effect on their self-assembly. This ability to change their 
secondary structure can be applied in drug delivery systems [208]. For example, it is known 
that the pH in tumour tissue is lower than in normal tissue [209] and this property can be used 
during the design of cancer targeted drug carriers. Namely, the drug vehicles can be loaded 
with bioactive molecules at neutral pHs and their release will occur selectively in acidic 
conditions.  
 
2.3.4.4. Salt effect  
Salt concentration and valency of the salt is known to influence the conformation, 
stability, solubility, activity, and self-assembly of biological molecules [210, 211]. Once present 
in a peptide solution, salt ions will screen the charge of the peptide, thus reducing the effect of 
the interactions between two molecules.  
Lauffenburger et al. [203] studied the salt effect on the gelation properties of 
oligopeptides (FKFE)3, (IKIE)3 and (VKVE)3. As discussed above the hydrophobic attraction 
of the hydrophobic peptide side chains was favourable for gel formation in comparison to the 
electrostatic repulsion between side chains. The effect of the electrostatic repulsion was 
diminished by adding salt. Thus, the critical coagulation concentration (CCC) was             
0.1 – 0.5 mM of NaCl for (IKIE)3; 0.1 – 1.0 mM of NaCl for (FKFE)3, and 0.5 – 5.0 mM of 
NaCl for (VKVE)3. Below CCC no gel was formed, whereas above it the oligopeptides self-
assembled into β-sheet fibres. 
de la Paz et al. [202] reported that the rate of formation of β-sheet rich fibrils from 
hexapeptide sequences increased with increasing ionic strength of NaCl up to 0.1 M. When 
the concentration of NaCl was higher than 0.1 M, they observed only the formation of short 
filaments and amorphous aggregates due to the screening of charge interactions. 
Chen et al. [212] also studied the salt effect on the self-assembly of peptides. In the case 
of surfactants, salt decreased the CMC due to charge screening between head groups. In 
contrast, the critical self-assembly concentration of EAK16-I increased from 0.3 mg ml-1 in 
water to 0.8 mg ml-1 in the presence of 20 mM NaCl. The results showed that NaCl facilitated 
fibrillar structure formation. 
Zhang et al. [164] reported that in the case of EAK16-II only monovalent cations caused 
the formation of larger-sized peptide self-assemblies. The formation of these assemblies 
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decreased with the decrease of hydrated radii in the following order Li+ > Na+ > K+ > Cs+. 
Authors stated that the divalent ions facilitated only the formation of disordered aggregates.  
Salts screened the charge, thus reducing electrostatic interaction and facilitating the formation 
of large size assemblies.  
Schneider and Pochan [176, 177] reported in several papers that increased ionic strength 
triggered the folding of MAX1 and MAX8 peptides into β-hairpins and subsequent self-
assembly of the β-hairpins into fibrillar structures. In this case salt screened the positive 
charges of the lysine residues and the peptides consequently changed their conformation. 
 
2.3.5. Applications of self-assembling peptides 
2.3.5.1. Tissue engineering 
Many studies showed that self-assembling peptide gels could be used for cell culture and 
various cell lines could be used such as neuronal cells [160, 175], osteoblasts [213], human 
microvascular endothelial cells [214] and chrondrocytes [174]. Even neurite outgrowth and 
synapse formation was possible in these gels [160]. Peptide scaffolds are successful because 
they are highly biocompatible, biodegradable, possess good mechanical properties, and various 
biological functionalities can be introduced for successful cell adhesion, proliferation, and 
differentiation [215-226]. Some examples are discussed below in more detail. 
The large self-assembled aggregates, formed by EAK16-II and RAD16-II, can be 
employed as scaffolds for growing mammalian cells such as mouse fibroblast, bovine aortic 
endothelial cells, human foreskin fibroblast and many others. These hydrogels showed 
excellent cell attachment and proliferation compared to conventional tissue culture 
dishes [158]. RAD16-I and RAD16-II hydrogels composed of interwoven fibrils proved to be 
applicable as substrates for neutrite outgrowth and synapse formation [160].  
3D hydrogels of Ac-KLDLKLDLKLDL-CONH2 (KLD12-I) were reported to be 
suitable for cartilage tissue repair [174]. Chrondrocytes readily proliferated in this gel forming 
a cartilage-like extracellular matrix (ECM), rich in proteoglycans and type II collagen.  
RADA16 peptide was used as a 3D scaffold to prepare synthetic dermis by incubating 
human fibroblasts and synthetic skin was prepared by incubating human epidermal 
keratinocytes in layers. Results showed successful proliferation of human fibroblasts inside 
this peptide scaffold and secretion of type I collagen typical to natural dermal fibroblasts was 
detected [227]. 
Xie et al. [228] reported a new peptide scaffold by mixing two peptides RADA16 and 
RGDA16. Peptide RADA16 and the mixture of two peptides were used to study the 
attachment, spreading and proliferation of pre-osteoblasts. RGDA16 did not form a gel at 
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required concentration but did so when mixed with RADA16. The results showed that this 
new scaffold significantly promoted the initial attachment and proliferation of the cells 
compared to pure RADA16 scaffold. RGD sequence was recognised by the cells integrin 
receptors thus improving the proliferation [229].  
 
2.3.5.2. Drug delivery 
Drug delivery devices are designed to entrap the drug molecule in their structure either 
physically or chemically and to release the drug in a controlled fashion where and when 
appropriate. These drug carriers also protect the drug molecule from undesirable enzyme 
effects, thus maintaining drug activity over a prolonged period of time [159, 230]. The ability 
of peptide hydrogels to load and to release the drug can easily be tailored by changing the 
sequence of hydrophilic and hydrophobic residues.  
Zhang et al. [231] used self-assembling peptide Ac-(RADA)4-CONH2 (RADA)4 to create 
a hydrogel scaffold for controlled drug delivery applications. They encapsulated four different 
proteins including lysozyme, trypsin inhibitor, bovine serum albumine (BSA) and 
immunoglobulin G (IgG) within these gels and studied their release. The results showed an 
initial burst release of the protein through a 1% (wt./vol.) peptide hydrogel occurred within 
the first hour and then the release slowed until it reached a plateau. Authors demonstrated 
successfully that protein release through this gel depended on the protein size and the density 
of peptide fibrils. Densely packed network physically entrapped the molecules thus slowing 
their diffusion. IgG with the highest molecular weight showed the slowest release rate of all 
four proteins. Protein conformation and functionality was not affected by encapsulation and 
subsequent release.  
Schneider et al. [232] showed that their MAX1 and MAX8 hydrogels could also 
encapsulate and subsequently release biomolecules. They used dextran molecules and the 
protein lactoferin as model drugs and found that their release depended on the hydrogel mesh 
size and electrostatic interaction between the hydrogel network and the molecules. In more 
concentrated gels with smaller mesh size the mobility of probes became hindered. The mesh 
size could be controlled by peptide concentration and peptide sequence. Since MAX1 (+9) 
was more electropositive than MAX8 (+7), negatively charged dextrans interacted more with 
MAX1 fibrillar network than with MAX8, consequently their diffusion was restricted. In 
contrast, positively charged protein lactoferin was released more quickly than dextrans due to 
electrostatic repulsions from the peptide network. 
Davis et al. [233] reported another example of successful application of self-assembling 
peptide in drug delivery. They created biotinylated RAD16-II hydrogels for specific and 
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controlled delivery of insulin-like growth factor 1 (IGF-1) to the myocardial 
microenvironment. The possibility of IGF-1 delivery could improve cells therapy after 
myocardial infarction.  
 
2.3.6. Summary 
This section introduced self-assembling systems with an emphasis on peptide            
self-assembly. Different classes of peptides that undergo self-assembly were discussed. 
Specifically, ionic complementary peptides were discussed in more detail as they were more 
relevant to this research. Results of numerous investigations suggested that peptide            
self-assembly depended on various factors, either structural or chemical. These factors need to 
be taken into consideration when designing and studying these peptides. It was shown that the 
peptide self-assembling systems possess a lot of potential to be employed in tissue 
regeneration and controlled drug delivery.  
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2.4. CONJUGATES OF POLYMERS AND PEPTIDES 
2.4.1. Introduction 
Over the past decades polymeric materials have gained a lot of interest in the fields of 
drug delivery, regenerative medicine and tissue engineering due to their biocompatibility and 
suitable mechanical properties. Conjugates of polymers with peptides or proteins represent a 
large group of these materials. Börner et al. [234, 235], Kiick et al. [236], Maynard et al. [237] as 
well as Klok et al. [238, 239] have published excellent reviews on the latest achievements in the 
synthesis and applications of the conjugates. Section 2.4 does not pretend to be exhaustive, 
but aims to familiarise the reader with the subject. 
Conjugation involves the covalent linking of two or more molecules to form a new 
complex that will combine the characteristic properties and functions of its individual 
components. Usually peptides or proteins (peptidic drugs, enzymes) are linked to synthetic 
polymers and these materials are also called hybrid materials. Peptidic drug conjugation to a 
polymer offers many advantages, such as improvement of drug solubility via its conjugation to 
a hydrophilic polymer; drug protection from degradation and interactions with enzymes and 
antibodies, hence increased stability. Also drug circulation times can be increased after the 
drug conjugation to the polymer, hence ensuring the prolonged drug activity [236, 239]. 
Conjugation or cross-linking is also used to introduce various detectable groups to study 
protein interactions and structure. This opens a large area for therapeutic design. Moreover, 
the polymer backbone also brings responsive and tunable properties allowing targeted and 
controlled drug release by changing temperature, pH, or enzyme concentration [236, 237]. 
This will be discussed later in further detail. 
 
2.4.2. Polymer-peptide conjugation strategies 
The synthesis of the first conjugate goes back to 1954 when Jatzkewitz combined the 
pre-synthesised glycyl-L-leucyl-mescaline (mescaline - naturally occurring alkaloid) with the 
copolymer of N-vinyl-α-pyrrolidinone and methyl acrylate. The conjugate was created to 
improve drug efficiency and the drug was cleaved from the polymer by an enzyme [240]. 
In 1977, Abuchowski et al. reported another example of a polymer-protein conjugate which 
was obtained by PEGylation (PEG – poly(ethylene glycol)) of bovine serum albumin (BSA). 
PEG groups and protein molecules were chemically linked via 2,4,6-trichloro-s-triazine. The 
conjugates were administered into rabbits intravenously and intramuscularly. The results 
showed that PEG proved to hide the protein from recognition by the immune system, thus 
prolonging its effect [241]. 
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The synthesis of peptide or protein can be achieved using one of the following routes. 
Peptides or proteins can be obtained via α-amino acid N-carboxyanhydride ring-opening 
polymerisation, solid phase peptide synthesis (SPPS) or protein biosynthesis. Several polymer 
and peptide/protein conjugation strategies are presented in Fig. 2.35.  
 
Figure 2.35: Scheme of various conjugation strategies 
 
Conjugates can be synthesised in either a convergent or divergent way. In the 
convergent way (Fig. 2.35A) both the polymer and peptide components are pre-synthesised 
and then coupled together. This method is also called cross-linking where coupling reagents 
with different reactive groups are used to link two molecules together. In the divergent 
method (Fig. 2.35 B to D) the conjugates are obtained either via polymerisation of monomers 
using a peptide macroinitiator, by peptide synthesis on a solid support that contains a polymer, 
or from polymers in solution [238, 239]. Modern synthetic techniques such as atom transfer 
radical polymerisation (ATRP), reverse addition-fragmentation chain-transfer (RAFT) 
polymerisation or “click” chemistries have been extremely useful for conjugate preparation as 
they offer many advantages in terms of controlled molecular weight, different architectures 
and functionalities in comparison to the conventional FRP. 
 
2.4.2.1. Convergent conjugation methods 
In this section, some of the classical convergent conjugation methods are described. 
A comprehensive guide for convergent conjugation methods can be found in the review of 
Klok et al. [238]. 
Peptides may be conjugated to the polymer chain end or pendant groups via the 
chemical reaction between their functional groups. The functional groups can be introduced 
to the polymer via ATRP, RAFT or copolymerisation [242]. Peptides contain the following 
functional groups appropriate for bioconjugation: 
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• primary amine (-NH2) – the group is present in each peptide/protein as the  
N-terminus, as well as in the side chain, for example in lysine (K) 
• carboxyl group (-COOH) - the group is present in each peptide/protein as  
C-terminus, as well as in the side chain of aspartic acid (N) and glutamic acid (E) 
• sulfhydryl group (-SH) – the group is present in the side chain of cysteine (C) 
• carbonyl group (-CHO) – the group can be formed as a result of polysaccharide 
oxidation in glycoproteids. 
These functional groups of amino acid residues and polymers can also be modified following 
classical organic chemistry methods [243]. The choice of an appropriate modification will 
depend on the type of amino acid residues or functional group subjected to coupling. 
Typically, the peptide is conjugated to the polymer using the cross-linker, reagent that 
links the functional group of the peptide with the functional group of the polymer [244]. If 
there are two or more reactive sites on the polymer, it can be conjugated more than once to 
the same protein molecule or to several protein molecules. The cross-linkers vary in length 
and they can be hydrolitycally or enzymatically degradable, or can contain reducible disulfide 
groups that ensure controlled release of the conjugated protein. 
One limitation of the convergent approach, however, is that sometimes the functional 
groups of large macromolecules may not be accessible for coupling, thus reducing conversion 
rates and product isolation. 
 
2.4.2.1.1. Amine-reactive polymers  
Here, various ways to obtain amine-reactive polymers will be presented. Different post-
polymerisation modification strategies exist that offer a great variety of conjugation 
possibilities. Amine reactive groups can be obtained easily using the reactions outlined in 
Fig. 2.36. Initially hydroxyl group modification reactions were used for the modification of the 
hydroxyl groups of PEG to enable them to react with amines. Peptide modification with PEG 
or PEGylation is widely used for conjugates preparation owing to its biocompatibility, high 
solubility, and chain flexibility [245, 246]. The terminal hydroxyl group of PEG can be 
transformed in different ways and these reactions are also applicable for other polymers with 
hydroxyl end-groups. Some examples of the hydroxyl group modification reactions are given 
in Fig. 2.36. In Fig. 2.36A the hydroxyl group of PEG reacted with one chlorine of          
2,4,6-trichloro-s-triazine and then, the amine group of the protein reacted with second 
chlorine. Following this procedure PEG was linked to bovine serum albumin (BSA) [241] and 
bovine liver catalase [247].  
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Fig. 2.36B shows the example of the formation of thioimidoester end-group that can 
react with amine groups such as in the side chains of lysine, forming amidinated linkages. 
Using this reaction, ribosome inactivating protein gelonin was coupled to PEG. Protein 
retained the positive charge after the conjugation, thus maintaining its biological activity [248]. 
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Figure 2.36: Different ways to obtain amine-reactive polymers via:  
A) dichlorotriazine formation, B) thioimidoester formation, C) aldehyde formation 
 
Fig. 2.36C shows the formation of aldehyde group via Moffatt oxidation [249, 250]. 
Aldehyde-functionalised PEG was coupled to the glycoprotein CD4-IgG (CD4 is the primary 
receptor for human deficiency virus type I and IgG is immunogammaglobulin) via amine 
groups of lysine residues. The coupling ensured its prolonged circulation time [249]. 
Heterogeneous bioconjugates could also form due to the non-specific coupling with multiple 
and random lysine residues. However, the conjugates retained their biological activity [250]. 
Stable amide bond formation between two molecules is also possible via the formation 
of intermediate active esters, for example N-hydroxysuccinimidyl (NHS) esters. Figure 2.37 
presents the typical reaction scheme for the formation of an amide bond through the 
formation of an active ester. Active N-hydroxysuccinimidyl (NHS) ester can be obtained via 
the reaction of the carboxyl group of the polymer with NHS and carbodiimide [251]. This 
strategy was used to prepare PNIPAAm-trypsin conjugates [252]. 
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Figure 2.37: Amide bond formation reaction via active sulfo-NHS ester formation 
One other example shows the incorporation of the N-hydroxysucinimide group into a 
copolymer structure and then its linking with the amine group of the desired peptide/protein. 
Nguyen and Luong [253] prepared copolymers of PNIPAAm with N-acryloyloxysuccinimide 
(NASI) and glycidyl methacrylate (GMA) and made them react with amino groups of proteins. 
A trypsin inhibitor, p-aminobenzamidine, was attached to the polymer and trypsin was 
separated selectively from the trypsin-chymotrypsin mixture. Also PNIPAAm-GDA reacted 
with IgG and alkaline phosphotase (AP). IgG selectively bound to protein A and precipitated 
upon heating. AP retained its activity after conjugation. Chen and coworkers [254] studied a 
similar system. They prepared a copolymer of PNIPAAm and N-acryloxysuccinimide (NASI) 
that was later conjugated with protein A (major component of the cell wall of certain strains 
of Staphylococcus aureus) (Fig. 2.38) via the primary amine groups of the lysine residue in 
protein A. Human immunogammaglobulin formed the complex with this conjugate and 
precipitated upon heating (> 32°C) thus enabling its separation from the protein mixture. 
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Figure 2.38: Conjugation of poly(NIPAAm-co-NASI) with protein A 
 
Hatti-Kaul et al. [255] conjugated trypsin to PNIPAAm through N-acryloxysuccinimide 
(NASI) reactive groups. The conjugated enzyme exhibited higher heat stability in comparison 
to the free enzyme. The authors claimed that the enzyme stability was enhanced due to the 
enzyme multipoint attachment to the copolymer and not due to the presence of polymer. 
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Takei et al. [16] prepared COOH-end-functionalised PNIPAAm using                           
3-mercaptopropionic acid (MPA) as a chain-transfer agent. PNIPAAm then was grafted onto 
collagen using active ester formation with NHS and dicyclohexylcarbodiimide (DCC). The 
phase separation and precipitation occurred at 34°C enabling easy separation of the conjugates. 
Pişkin et al. [256] copolymerised NIPAAm with acrylic acid (AAc) and subsequently 
conjugated the polymer via the carboxyl group of AAc with the amine group of monoalanine, 
dialanine and trialanine using water-soluble carbodiimide. Alanine (A) residue was              
COOH-protected with methylester group which was hydrolysed with KOH solution to form 
the carboxylic group prior to conjugation. The LCST of poly(NIPAAm-co-AAc) increased in 
comparison with pure PNIPAAm (Table 2.3). When the pH increased, carboxylic acid groups 
of AAc became ionised. This made the copolymer more hydrophilic and hence the LCST 
increased. At pH 4.0 the LCST was 37.7 ± 0.5°C, at pH 7.4 the LCST was > 60°C. The LCST 
increased with the increase of the number of conjugated amino acids as more peptide bonds 
were formed [256]. 
 
Table 2.3: LCST of PNIPAAm, its copolymer with AAc and conjugates with alanine (A) [256] 
Polymer, conjugates LCST at pH 4.0 (°C) LCST at 7.4 (°C) 
PNIPAAm 29.9 28.7 
Poly(NIPAAmco-AAc) 37.7 ± 0.5 > 60 
A-OCH3 conjugate 35.1 ± 0.4 41.6 ± 0.3 
AA-OCH3 conjugate 43.3 ± 0.1 46.2 ± 0.3 
AAA-OCH3 conjugate 45.8 ± 0.3 > 60 
 
2.4.2.1.2. Thiol-reactive polymers 
Many peptides contain cysteine residues, therefore it is important to synthesise thiol-
reactive polymers. Thiol-reactive end-groups include vinyl sulfone, maleimide, and 
functionalised disulfide end-groups.  
Hoffman, Stayton et al. reported the first results on responsive polymer bioconjugates 
[242, 257-259]. They reported α-hydroxyl-functionalised PNIPAAm prepared by FRP with 
AIBN as the initiator and β-mercaptoethanol as the chain-transfer agent. The α-hydroxyl 
group was subsequently converted to the vinyl sulfone through coupling with divinyl sulfone 
in the presence of base (Fig. 2.39) [257]. This synthetic route enabled the conjugation of the 
streptavidin to the polymer. It was possible to bind biotin to streptavidin below the LCST and 
its binding activity dropped sharply above the LCST, when the polymer formed globules and 
hided streptavidin active sites. 
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Figure 2.39: Synthesis of vinyl sulfone end-functionalised PNIPAAm 
 
Velonia et al. [260] reported that synthesis of maleimide end-functionalised polystyrene 
(PS) can be performed in two steps: reaction of the polymer terminal carboxyl group with 
SOCl2, and then maleimide addition in the presence of base (Fig. 2.40). Lipase B (CAL B) was 
coupled to PS via this modification. The conjugate molecule possessed amphiphilic nature and 
in the solvent mixture of tetrahydrofuran and water assembled into fibres of 25 – 30 nm in 
diameter.   
 
Figure 2.40: Synthesis of maleimide end-functionalised polystyrene 
 
Chilkoti et al. [261] reported the synthesis of PNIPAAm by FRP with                            
2-aminoethanethiol as the chain-transfer agent. This was then coupled with a NHS-activated 
maleimide derivative to form α-maleimide PNIPAAm that was used for the modification of 
the protein cytochrome b5. 
Polymers with pyridyl, alkoxycarbonyl and o-nitrophenyl disulfide end-groups form 
peptide-polymer conjugates via disulfide bridge formation. The advantage of this strategy was 
the reversibility of the protein conjugation because it could be released under reducing 
conditions. Li et al. reported the synthesis of an α,ω-pyridyl disulfide functionalised Pluronic® 
(PEG-b-poly(propylene oxide)-b-PEG) for protein immobilisation on a surface (Fig. 2.41). 
The functionalised Pluronic® was adsorbed onto a polystyrene resin, thus allowing the 
immobilisation of β-galactosidase [262]. 
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Figure 2.41: Synthesis of α,ω-pyridyl disulfide activated Pluronic 
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Smeenk et al. [263] synthesised a triblock copolymer with PEG end-blocks and the 
central block of the β-sheet forming polypeptide [(AG)3EG]n (AG – alanylglycine, EG – 
glutamylglycine; n = 10, 20). The central block contained cysteine residues at both ends which 
reacted with maleimides from PEG, thus linking PEGs to the peptide. Both conjugates PEG-
[(AG)3EG]20-PEG and PEG-[(AG)3EG]10-PEG formed fibrillar structures with 12 nm wide 
fibres in the first case and smaller width in the later case due to the shorter peptide block.  
 
2.4.2.1.3. Oxime formation 
Oxime formation between a hydroxylamine and a ketone/aldehyde-functionalised 
polymer or peptide is another method to form site-specific conjugates (Fig. 2.42). Aminooxy 
or ketone functionalities can also be introduced into a peptide. 
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Figure 2.42: Oxime formation 
 
Using this method Kochendoerfer et al. prepared the conjugate of the protein 
chemokine ((C-C motif) ligand 5 (CCL-5), responsible for the sending the leukocytes to 
inflammatory sites, with an aldehyde end-functionalised linear PEG (Fig. 2.43) [264]. This 
conjugate was reported as anti-HIV protein derivative. HIV uses CCR-5 receptors to enter 
cells and PEG-CCL-5 showed the ability to bind to CCR-5 receptor and block the virus. The 
conjugate also showed prolonged in vivo circulation in rats [265]. 
 
Figure 2.43: Synthesis of the PEG modified CCL-5 via oxime formation  
(adapted from [264])  
 
2.4.2.1.4. Conjugate formation via cycloaddition 
Azide-alkyne 1,3-dipolar cycloaddition offers another fast and efficient way to obtain  
bioconjugates (Fig. 2.44). This reaction is within the concept known as “click” chemistry 
introduced by Sharpless et al. [266] and relies on the quick and selective reaction between 
relatively small units. The reaction conditions are mild and the product is obtained in high 
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yields. The peptide to be conjugated should be modified with an azide or alkyne moiety before 
the conjugation reaction. The conjugate of an azide-terminated PS and alkyne-functionalised 
bovine serum albumin (BSA) was obtained successfully using the [3 + 2] cycloaddition as 
outlined in Fig. 2.44 [267].  
 
  
 
Figure 2.44: Bioconjugate formation via [3+2] cycloaddition 
 
2.4.2.1.5. Ligand-modified polymers 
One other approach is to use polymers containing ligand end-groups such as biotin 
(vitamin H) that can bind to avidin or streptavidin. Therefore biotinylated stimuli-responsive 
polymers have been synthesised with the perspective to be conjugated with avidin or 
streptavidin. Kulkarni et al. [268] reported the conjugates of PNIPAAm with streptavidin and 
biotin. As outlined in Fig. 2.45, below the LCST PNIPAAm was hydrophilic and the 
conjugate was also soluble. Above the LCST the aggregation of the conjugate into particles 
occurred due to the hydrophobic nature of PNIPAAm. 
 
 
Figure 2.45: Formation of PNIPAAm-streptavidin thermo-responsive nanoparticles  
(adapted from [268]) 
 
Particles were stabilised by charged and hydrophilic streptavidin, thus preventing further 
aggregation. The results showed that particles with the size of 250 – 900 nm were obtained, 
depending on conjugate concentration, polymer molecular weight and also rate of temperature 
change. On the contrary, conjugates with biotin showed continuous aggregation over the same 
time period (16 h). Streptavidin-functionalised particles can selectively attach to biotinylated 
antibodies, thus enabling their isolation.  
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2.4.2.2. Divergent conjugation 
In divergent conjugation the conjugates are obtained via polymerisation using peptide 
macroinitiators, peptide macromonomers or conventional SPPS.  
 
2.4.2.2.1. Polymerisation from a peptide 
Polymerisation from a peptide is one of the most straightforward conjugate synthesis 
strategies. It involves modification of a peptide with chemical groups that can initiate 
polymerisation, hence the peptide becomes a polymerisation initiator [29, 234].  Direct 
polymerisation from the peptide offers an advantage of simplified purification of the 
bioconjugate from the unreacted monomer or catalyst. At the same time polymerisation can 
be affected by other functional groups of the peptide.  
Maynard et al. [269] used the high reactivity of streptavidin towards biotin to create a 
macroninitiator, which was later employed in ATRP of 2-hydroxyethyl methacrylate (Fig. 2.46). 
This approach can also be applied to other monomers. For example, conjugates of 
poly(ethylene glycol) methyl ether methacrylate were also reported. The results showed that 
the polymerisation reaction did not affect streptavidin activity. 
 
Figure 2.46: PNIPAAm polymerisation from streptavidin macroinitiator (adapted from [269]) 
 
Heredia et al. [270] reported the synthesis of bovine serum albumin (BSA) and             
T4 lysozyme-PNIPAAm conjugates in situ. Free cysteines, Cys-34 of BSA and Cys-131 of     
T4 lysozyme V131C, were modified with initiators for ATRP (Fig. 2.47). Polymerisation of 
NIPAAm from the protein macroinitiators resulted in thermo-responsive conjugates        
BSA-PNIPAAm and lysozyme-PNIPAAm with yields greater than 65%. Maynard et al. [271] 
also reported thermo-responsive conjugates of PNIPAAm with streptavidin and of 
PNIPAAm with BSA using ATRP.  
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Figure 2.47: ATRP polymerisation of NIPAAm from the protein macroinitiator [270] 
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The functional groups of ovalbumin [272], casein [273] and gelatine [274] have been 
used for preparing the graft-copolymers. The polymerisation was initiated with ceric ions, 
benzoyl peroxide and potassium persulfate accordingly. The conjugated materials were not 
well-defined because of the grafting of the polymers at random and multiple sites of the 
protein, for example, polydispersity of acrylonitrile-grafted-casein copolymers varied between 
2.6 and 4.5 [273]. 
During the conjugation process the protein activity could decrease due to some 
properties of the conjugated polymer, such as molecular weight, length, volume, and its 
closeness to the active site of the protein [1, 237]. 
One other example of the divergent conjugation strategy is conjugate formation in the 
solid state. In this case the peptide is formed via SPPS and then functionalised with a group 
that can initiate ATRP of a monomer. Following this procedure Washburn et al. [275] 
prepared the conjugate of GRGDS peptide with 2-hydroxyethyl methacrylate (HEMA). They 
also showed that incorporation of the RGD sequence promoted fibroblasts adhesion and 
proliferation in cell culture experiments, whereas PHEMA polymer on its own did not show 
such an effect. RGD sequence was recognised by cell receptors, thus promoting cell 
proliferation [229]. 
Lynn et al. reported a conjugation method in which a PEG segment was coupled to the 
solid support and the peptide was grown from the PEG using SPPS [276]. They studied the 
properties of a dilute solution of a diblock copolymer of amyloid peptide and PEG. TEM 
studies revealed that these aggregates formed long fibrils separated from each other, as the 
PEG hid the peptide hydrophobic domains and reduced the association of the fibrils. This 
was an important finding, contributing to the development of the strategies to prevent 
fibrilogenesis, which was typical to the symptoms of Alzheimer’s disease.  
 
In summary, a great variety of chemical reactions are available for the conjugation of the 
polymer with the peptide. These reactions can be convergent and divergent. The choice of the 
conjugation strategy depends on the polymer and peptide functional groups and also polymer 
and peptide individual characteristics. 
 
2.4.3. Self-assembly of polymer-peptide conjugates 
As mentioned previously, polymer-peptide conjugates combine the characteristics of 
synthetic polymers, such as solubility, ability to include various functionalities, with those of 
peptides, such as secondary structure, ability to change reversibly the structure in response to 
stimuli (pH, temperature, ionic strength), biocompatibility and biofunctionality. In aqueous 
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solutions polymer-peptide conjugates typically self-assemble into different stimuli-responsive 
structures, for example, micelles, vesicles or hydrogels composed of β-sheet fibres, owing to 
their amphiphilic nature. Lecommandoux and Carlsen [128] published a comprehensive 
review on self-assembly of polypeptide-based block copolymer amphiphiles. 
If the peptide segment shows greater hydrophilicity to the solvent than the polymer, the 
micelles with polymer inner core and peptide outer shell are formed. An example of this 
system was reported by Lecommandoux et al. [277]. They studied the self-assembly of 
polyisoprene-b-poly(L-lysine) block copolymer (PI-b-PLLys) in aqueous media as a function of 
pH. The block-copolymer assembled into spherical micelles with a hydrophobic PI core and 
hydrophilic corona of PLLys. In acidic conditions PLLys was charged and adopted a coiled 
conformation, resulting in larger micelles. In basic conditions, the transition from a coil 
conformation to α-helical conformation occurred and the micelles shrank. Klok et al. [278] 
studied a similar system: polystyrene-b-poly(L-lysine) (PS-b-PLLys) block copolymer. SANS 
and static light scattering (SLS) results confirmed the formation of cylindrical micelles with a 
hydrophobic core of PS and hydrophilic shell. 
When the polymer segment shows greater affinity to the solvent than the peptide 
segment, micelles with a polypeptide core and polymer shell are formed. To illustrate this, 
Zhang et al. [279] reported the effect of pH on the self-assembly of copolymer             poly(N-
isopropylacrylamide)-b-poly(L-glutamic acid-co-L-lysine) (PNIPAAm(PLG-co-PLLys)). They 
observed that at pH < 6 and pH > 10 the copolymer was soluble in aqueous solution, due to 
the protonated lysine residues and negatively charged glutamic acid residues respectively 
(Fig. 2.48). In the pH range from 6 to 10, glutamic acid and lysine residues were partially 
protonated and deprotonated respectively and charged peptide-peptide interactions were 
facilitated. Clear solution turned to opaque due to the formation of compact aggregates. 
Copolymer chains self-assembled into particles of 300 – 800 nm in diameter with aggregated 
polypeptide chains into the core. 
         
 
Figure 2.48: Schematic representation of different structures of copolymer  
PNIPAAm(PLG-co-PLLys) at different pH (adapted from [279]) 
pH > 10 pH < 6 6 < pH < 10 
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Amphiphilic block copolymers also form vesicles or fluid-filled sacs [280]. An example 
of this behaviour was reported by Lin et al. [281]. They studied the self-assembly of       
poly(L-glutamic acid)-b-poly(propylene oxide)-b-poly(L-glutamic acid) (PLGA-b-PPO-b-
PLGA) triblock copolymer in aqueous solution. Lin et al. observed that vesicles were formed 
in acidic conditions when PLGA was in helical conformation and also when the length of 
PLGA block decreased. The walls of the vesicles were formed by PPO and the inner layer by 
PLGA chains. In contrast, basic conditions or longer PLGA chains facilitated the formation 
of spherical micelles with PPO in the core and PLGA in its corona. These vesicles showed 
great potential to be used as drug vehicles in controlled drug delivery. 
Cornelissen et al. [282] reported the self-assembly behaviour of conjugate composed of a 
short peptide GGR and hetero-telechelic polystyrene (PS) which was obtained via copper-
catalysed azide-alkyne 1,3-dipolar cycloaddition, or simply “click” chemistry. Self-assembly 
was triggered in two ways: by injecting THF solution into water or by dialysing THF solution 
against water. Spherical aggregates were obtained by both methods. After a closer examination 
of the aggregates, the researchers concluded that conjugates assembled into vesicles, which 
could accommodate bioactive molecules into their core and used in diagnostics.  
Kopeček et al. [283] observed gel formation by mixing synthetic His-tagged coiled coils 
with the copolymer of N-(2-hydroxypropyl)methacrylamide (HPMAAm) and                        
N-(N',N'-dicarboxymethylaminopropyl)methacrylamide (DAMAAm) and nickel(II) sulphate. 
The metal complex formed between terminal histidines and pendant acetate groups of the 
copolymer, thus linking them together. The coiled coil proteins self-assembled into 
superhelical quaternary structures, which lead to the formation of a non-covalent network. 
Upon heating from 25 to 70ºC the system collapsed due to unfolding of the coiled coil 
proteins. The transition was not reversible during 48 h. Authors proposed that several 
peptides, having coiled coil conformation and different protein unfolding temperatures, could 
be used to create a system with step-like transitions. 
In one other study Kopeček et al. [284] described the synthesis of the conjugate of 
poly(N-(2-hydroxypropyl)methacrylamide) (PHMAAm) and β-sheet forming peptide        
NH2-QQEFQWQFRQQ (P11) using a thiol-maleimide coupling strategy. They hypothesised 
that the peptide would impose the β-sheet formation onto the conjugate (Fig. 2.49). Indeed, 
the results showed that the conjugates formed long fibrils of 10 – 15 nm in width at pH 11 
due to the electrostatic interactions between negatively charged glutamic acid and positively 
charged arginine residues. CAC of P11 necessary for fibril formation was in the range from 
0.005 to 0.01 mg ml-1.   
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Figure 2.49: Schematic representation of the self-assembly of polymer-peptide conjugates into  
β-sheet fibres (adapted from [284]) 
 
Tzokova et al. [285] prepared PEG-b-poly(L-phenylalanine) (mPEG-F4-OEt) diblock  
copolymer and studied its self-assembly. The conjugate was prepared via copper-catalysed      
1,3-dipolar cycloaddition of azide-terminated PEO and alkyne-terminated tetrapeptide. They 
observed that the conjugate formed nanotubes with an inner radius of 2 nm and outer shell of 
8 nm in a THF/water mixture in the concentration range from 2 to 10 mg ml-1. Upon removal 
of THF during dialysis, the nanotubes entangled and formed gels. Self-assembly of this system 
was driven by the formation of antiparallel β-sheet packing between the peptides, which later 
assembled into nanotubes via lateral π-π stacking. In further studies [286] they examined the 
effect of the peptide sequence and PEG block length on self-assembly. They compared the 
conjugates with tetrapehylalanine and tetralanine and three lengths of PEG blocks (350, 1,200 
or 1,800 g mol-1). Results showed that as the length of PEG block increased, 
tetraphenylalanine-containing conjugates assembled into β-sheet-containing nanotubes, fibres 
and wormlike micelles. Whereas the conjugates of tetravaline showed the propensity to form 
the mixture of β-sheets and random coils, resulting in plank-like structures and tapes.  
Hamley et al. [287] studied a similar system; the conjugate of tetraphenylalanine and 
PEG (5,000 g mol-1). They observed that at low concentrations in aqueous solution the 
conjugate self-assembled into short rigid fibrils due to π-π stacking and hydrophobic 
interactions of the phenylalanine residues. At higher concentrations, well-defined β-sheets 
were detected. They postulated that PEG segments were considerably big and did not 
facilitate the formation of the fibrillar network. 
 
In summary, polymer-peptide conjugates self-assemble in aqueous solution forming 
structures of various hierarchical level. The self-assembly process and the properties of the 
self-assembled systems depend on the polymer and peptide characteristics.  
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2.4.4. Applications of smart polymer-peptide/protein conjugates 
Polymer-peptide conjugates have great potential in medicine, for example in therapeutic 
and protective medicine as drug and vaccines carriers, in biotechnology, and nanotechnology 
[1, 72, 257, 288, 289]. 
 
2.4.4.1. Drug delivery and tissue engineering 
Polymeric micelles that can accommodate bioactive molecules in their core and then 
selectively release the drug, have attracted a lot of interest in cancer therapy applications. 
Peptide-polymer conjugates can be designed for drug delivery applications using the 
conjugation techniques already discussed in section 2.4.2. The peptide in these conjugates can 
either link particular drugs or genes, or mediate controlled delivery. Conjugate systems based 
on the copolymers of hydrophilic PEG with hydrophobic polymers gained a lot of interest 
due to their ability to form micelles that could accommodate bioactive molecules in their core 
and then selectively release them. These conjugate systems are biocompatible, ensure extended 
drug circulation time and increased efficiency of drug [290]. The design of these copolymers 
and conjugates depends on the type of application and the therapeutic molecules to be used.  
Fig. 2.50 shows a typical micelle for controlled drug delivery where the hydrophobic 
core can accommodate various hydrophobic drugs and different ligation segments can be 
seeded across the exterior hydrophilic shell.  
~ 100 nm
Drug loaded core
Targeting moiety
- selective affinity
- sensing
Hydrophilic shell
- biocompatibility
- stimuli responsiveness
Drug
Functionalised 
block copolymer
DNA
 
Figure 2.50: Design of multi-functionalised polymeric micelles (adapted from [290]) 
 
Kataoka et al. [291-294] were the first to study drug delivery using PEG as a polymer 
segment in polymer-peptide conjugate systems. They reported the self-assembly of the 
conjugate poly(ethyleneglycol)-b-poly(aspartic acid) (PEG-b-PD) and its ability to deliver the 
anticancer drug adriamycin (ADR) and doxorubicin (Dox) that were linked to the side chains 
of aspartic acid. The block copolymer formed amphiphilic micelles due to its amphiphilic 
character (Fig. 2.51). Hydrophilic PEG chains formed the outer shell. The inner core of the 
micelles was formed by drug molecules conjugated to the PD segment. If some free drug 
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molecules were present in solution during the micelles formation, the drug molecules would 
also be physically entrapped into the micelles due to hydrophobic and π-π interactions with 
the chemically conjugated drug molecules. Drug-loaded micelles ensured prolonged drug 
circulation times and showed anti-tumour activity mainly owing to the release of physically 
entrapped drug. 
Hydrophilic part Hydrophobic part
Chemically 
conjugated drug
Physical entrapment
Self-assembly
+
 
Figure 2.51: Schematic representation of the formation of micelles of  
Dox-conjugated PEG-b-PD block copolymer (adapted from [290]) 
 
Ghandehari et al. [295] designed a conjugate containing poly(N-(2-hydroxypropyl)-
methacrylamide) (PHPMAAm) and the ανβ3 integrin-targeting peptide RGD4C. This 
conjugate was designed to deliver therapeutic radioisotopes to angiogenic sites in order to stop 
tumour growth. 
Lowe et al. [296] prepared thermo-responsive and biodegradable linear dendritic 
conjugates with PNIPAAm and poly(L-lactic acid) (PLLA) as the central segment and   
poly(L-lysine) (PLL) dendrons at both its ends. Such conjugates formed nanoparticles in 
aqueous solution. The branched structure of PLL and its electrostatic interaction with the 
polyanionic phospholipids of cell membranes enhanced delivery of therapeutic agents into 
cells or across biological barriers. Results showed that the conjugate degraded in PBS at 
pH 7.4 and at 25ºC within 19 days due to the degradation of PLLA segment. Later these 
nanoparticles were used for delivery of therapeutic ceramide C6 to solid tumour tissues upon 
heating [297]. Results showed that C6 was released more rapidly in the lipophilic environment. 
Cui et al. [298] developed a system for the controlled drug delivery to cancer cells. They 
prepared micelles from carboxyl group end-functionalised Pluronic triblock copolymers 
(PEG-b-PPO-b-PEG) (diameter < 50 nm) that accumulated the drug Paclitaxel in their core 
and conjugated them with anti-HIF-1α (human hypoxia-inducible factor 1 alpha subunit) 
antibody. Usually, HIF directed enzymes and growth factors stimulate the formation of blood 
vessels and HIF-1 activate genes that allowed the cancer cells to survive in the hypoxic 
tumour environment. Results of the study showed that when the micelles were incubated with 
the stomach cancer MGC-803 cells with the over-expression of HIF-1α, drug-loaded micelles 
were internalised into cytoplasm, released the drug and killed the cells. No cytotoxicity was 
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observed with human dermal fibroblast (HDF) cells which did not show the over-expression 
of HIF-1 α. 
Shi and coworkers [299] prepared well-defined block copolymers of               
poly(N-isopropylacrylamide)-b-poly(L-glutamic acid) (PNIPAAm55-b-PLGA35) by combining 
RAFT  and ring opening polymerisation (ROP). This block copolymer exhibited pH and 
temperature triggered micellisation behaviour in aqueous solution. At pH  > 10 and below the 
LCST of PNIPAAm the copolymers were soluble in the form of unimers. At pH > 10 and 
above the LCST, elongated micelles with a PNIPAAm core were formed, while at pH < 4 and 
below the LCST, round-shaped micelles with a PLGA core were observed.  
Peptides can not only induce conjugate self-assembly, but also exhibit the possibility to 
integrate short peptide sequences into synthetic hydrogels which makes them biologically 
active. Hubbell et al. reported hydrogels consisted of star-shape polymers with four PEG arms 
functionalised with vinylsulfone and two different peptide sequences: GPQGIWGQ [300] and 
RGDSP [301]. The peptide sequences served to mediate cell adhesion and acted as substrates 
for matrix metalloproteinase (MMP). 
Klok et al. [302] prepared polymer brushes of poly(2-hydroxyethyl methacrylate) 
(PHEMA) and poly(poly(ethylene glycol)methacrylate) (PPEGMA) and functionalised them 
with RGD peptide sequence which promoted the endothelialisation of blood-contacting 
biomaterials. Results showed that human umbilical vascular endothelial cells (HUVEC) 
successfully adhered and proliferated on these surfaces. Some differences in cell size and 
morphology were noticed on PHEMA and PPEGMA brushes due to the increased PEG 
spacer length the hydrophilic nature of PPEGMA. This resulted in an increase of RGD 
peptide mobility and a decrease in its communication with cell receptors. 
Polymer in the protein-polymer conjugate can also control the biological activity of the 
protein. Hoffman et al. [303] studied the separation and recovery of the enzyme                    
β-D-glucosidase using thermo-responsive N-hydroxysuccinimide (NHS) end-functionalised 
PNIPAAm. The enzyme retained its activity after the conjugation and no significant loss of 
activity was observed during heating cycles. Also, end-functionalised PNIPAAm with 
vinylsulfone was used to control biotin binding to streptavidin [257]. 
Alexander et al. [304] showed that not only bioactive molecules could be encapsulated 
into thermo-responsive particles but also cells. They prepared the thermo-responsive           
copolymers of poly(ethylene glycol) methacrylate (PEGMA) and poly(propylene glycol) 
methacrylate (PPGMA) (PPGMA-co-PEGMA). During copolymer aggregation into 
microparticles in water, the solution of poly(lactic-co-glycol acid) (PLGA) in ethylacetate was 
introduced, resulting in the PLGA entrapment into the core of PPGMA-co-PEGMA particles. 
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Below 37°C the particles were dissolved, but above 37°C a gel formed. This property was later 
used to encapsulate C2C12 myoblasts (Fig. 2.52), and results showed that the porous gel 
structure formed was acceptable for successful cell growth allowing the formation of a cell-
matrix that promoted cell communication.  
 
 
Figure 2.52: Schematic representation of cell encapsulation above the LCST  
of the PPGMA-co-PEGMA particles (adapted from [304]) 
 
2.4.4.2. Separation and purification technology  
Conjugates of polymers and peptides can be also used in separation technology when 
one of the conjugate components exhibits high affinity towards a co-solute, e.g. protein that 
needs to be separated. Bioconjugates have also been used to selectively isolate an analyte from 
a complex mixture like a serum sample [84]. If the conjugate includes a thermo-responsive 
polymer in its structure, such as PNIPAAm, the protein-binded conjugate can easily be 
separated by precipitation upon heating. The most popular examples of such conjugates are 
the complexes of biotinylated molecules with avidin or streptavidin [305]. Using the same 
approach, the enzyme β-D-glucosidase was separated from its reaction solution [252, 306]. 
Another example of the affinity precipitation is the complex formation between protein A in 
the form of PNIPAAm-protein A conjugate and IgG. Similarly, the complex precipitated 
upon heating, thus enabling the separation of IgG from solution [254].  
 
2.4.5. Summary 
In summary, section 2.4 described some synthesis strategies to obtain the conjugates of a 
polymer and a peptide/protein. The choice of the appropriate reaction conditions should be 
based on the functional groups of the polymer and the peptide. Functional groups of both 
components can also be modified to ensure efficient coupling.  
Self-assembly of the conjugates is driven by their amphiphilic nature. A variety of 
structures can be formed including micelles, vesicles and hydrogels composed of β-sheet 
fibres. Since both polymer and peptide can change their characteristic properties in response 
to different stimuli, such as pH, temperature or ionic strength, the final aggregates are 
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considered to be doubly stimuli-responsive. This feature makes them attractive for drug 
delivery and tissue engineering applications, for example drug-loaded particles showed good 
potentials to be used in cancer therapy and diagnostics.  
 
2.5. Aims of the study 
There are two main aims for this project. 
The first aim is to create soluble PNIPAAm-rich gels by doping in different quantities 
of PNIPAAm-peptide conjugate. It is postulated that the peptide segments will retain their 
self-assembling behaviour after conjugation and will form β-sheet rich fibres decorated with 
PNIPAAm chains once dissolved in water. The effect of the peptide sequence on the self-
assembly and gel properties will also be explored. The gelling, mechanical and thermo-
responsive properties of the materials will be investigated and related to the chemistry and 
ratio of the self-assembling blocks. 
The second aim is to create thermo-responsive peptide-rich composite gels by 
incorporating pure polymer-peptide conjugate into pure peptide matrix. In this case it is 
postulated that the peptide part of the conjugate will be incorporated into the peptide fibres 
and the attached polymer will confer thermo-responsiveness to the gel. The focus will be on 
understanding how the conjugate behaves in the gel network upon heating and cooling and 
how it influences the overall mechanical properties of the gel. 
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3.1. Introduction 
In this chapter the experimental procedures for the free radical polymerisation (FRP) of 
NIPAAm, solid phase peptide synthesis using Fmoc protocols and the conjugation of 
PNIPAAm with the peptides will be described. The basic principles of the instrumental 
techniques will be also described along with the general methods for sample preparation and 
analysis. 
 
3.2. Materials 
N-isopropylacrylamide (Aldrich, 97%) was recrystallised from hexane. NIPAAm-d7 
(Polymer Source Inc., 98%) was used as received. Azobisisobutyronitrile (Fisher Scientific, 
laboratory grade) was recrystallised from methanol. 3-Mercaptopropionic acid (Acros 
Organics) was used as received. Propan-2-ol, hexane, absolute ethanol were purchased from 
Fisher Scientific and used as received. Dichloromethane (99.9%), tetrahydrofuran, (99+%), 
N,N-dimethylformamide (anhydrous, 99.8%), N-methyl-2-pyrrolidinone (99%), anisole (99%), 
ninhydrin (97%),  potassium cyanide (97% ACS, reagent grade), phenol (99+%), DMSO-d6 
(99.9 atom% D with 0.03% v/v TMS) were purchased from Aldrich and used as received. 
Trifluoroacetic acid (99%), acetonitrile (Chromasolv for HPLC), water (Chromasolv Plus for 
HPLC), piperidin (99%), N,N-diisopropylethylamine (99%) were purchased from Sigma-
Aldrich and used as received. Fmoc-Glu(OtBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, 
Fmoc-Lys(Boc)-Wang resin were purchased from Novabiochem and used as received. 
 
3.3. Synthetic procedures 
3.3.1. Solid phase peptide synthesis (SPPS) 
Peptide synthesis was performed on a ChemTech ACT 90 peptide synthesiser using    
N-methyl-2-pyrrolidone (NMP) as a solvent and standard 9-fluorenylmethoxycarbonyl (Fmoc) 
protocols [1]. The peptide synthesis usually includes several steps which are described below. 
1) Swelling of the resin 
For FEFEFKFK synthesis a preloaded Fmoc-Lys(Boc)-Wang resin was used (bead size 
100–200 mesh, substitution – 0.70 mmol g-1). The N-terminus of the amino acid was 
protected by a base-labile Fmoc protecting group and the side groups were protected by acid-
labile tertiary-butyl (tBu) groups. In a typical procedure ~ 2.5 g of resin were placed into the 
reaction vessel. First 30 ml of dichloromethane (DCM) were added and the vessel was agitated 
for 2 h to swell the solid support. Then 20 ml of NMP were added to continue swelling for an 
additional hour. 
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2) Deprotection  
The Fmoc group was cleaved by solvent mixture of piperidine:NMP = 2:1 to allow 
coupling of another amino acid. 30 ml of piperidine:NMP mixture were added, the reaction 
vessel was agitated for 20 min. Then the deprotected amino acid on the solid support was 
washed 5 times with 20 ml of NMP, each time mixing for 1 minute. To check if all Fmoc 
groups were removed and the N-terminus was ready for reaction with the next amino acid, the 
Kaiser test was performed [2, 3]. The Kaiser test is a qualitative test for free primary amines 
based on their reaction with ninhydrin. The blue colour of the beads indicates that free amino 
groups are present and the amino acid is deprotected and ready for the coupling. No colour 
indicates that no free amine groups are present and the deprotection should be repeated. 
For the Kaiser test two solutions were prepared: solution A and solution B. To prepare 
solution A, 8 g of phenol were initially dissolved in 2 ml of absolute ethanol and 13 mg of 
potassium cyanide (KCN) were dissolved in 20 ml of water. Then 20 µl of the aqueous KCN 
solution was diluted with 980 µl of pyridine and added to 100 µl of the phenol/ethanol 
solution. Solution B contained 1 g of ninhydrin in 20 ml of absolute ethanol. Both solutions 
are light sensitive and were kept in covered containers. The Kaiser test was performed by 
adding 3 drops of solution A and three drops of solution B to an aliquot of resin beads from 
the reaction vessel and incubating at 100ºC for 2 minutes.  
3) Coupling 
 The quantities of amino acids and activating agent were calculated taking into 
consideration the amount of resin loaded in the vessel: 
                                             n = mresin × nresin substitution                                          (Eq. 3.1) 
where n – number of moles per gram of resin (mmol g-1), m – mass of resin in g, nresin substitution – 
number of moles (mmol) of first pre-loaded amino acid per gram of resin 
All amino acids and activating agent were added to the reaction vessel in an 8 fold excess 
to ensure a quantitative reaction. Amino acid coupling was facilitated using                            
2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) 
which activated the carboxyl group by forming an activated ester and making nucleophilic 
attack by an amino group more efficient. 
The amino acid required for coupling and HCTU were dissolved in 40 ml of DMF prior 
to loading into the reaction vessel. HCTU is light sensitive, so the lights were turned off and 
the vessel was covered with foil. 20 ml of deprotonating agent N,N-diisopropylethylamine 
(DIPEA) were added to the reactor to facilitate the formation of the peptide bond. The 
reaction mixture was agitated for 1 hour. Then the peptidyl resin was cleaned. 
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4) Cleaning 
The cleaning step included the addition of 20 ml of NMP to the vessel to wash the 
peptidyl resin and then the beads were filtered. This washing was repeated once. Then, 30 ml 
of NMP were added and the vessel was agitated for 1 min. The reactor was emptied and 
washing with NMP was repeated 4 times.  
The Kaiser test was performed subsequently to see if all the amino acids were coupled 
and that there were no free amines left. The beads and the solution should be yellow 
indicating that all the amino groups are protected. 
5) n times deprotection and coupling 
According to the desired length of the peptide, the deprotection of Fmoc N-terminus 
and coupling of the next amino acid were repeated until the peptide was fully synthesised 
(steps 2 - 4).  
6) Final cleaning  
The final cleaning of the peptidyl resin involved three steps: 
- 3 × 20 ml of DMF were added manually to the reactor and agitated for 15 min, then 
the solvent was drained leaving the beads in the vessel; 
- 2 × 20 ml of ethanol were added and agitated for 10 min, then the solvent was drained; 
- 2 × 20 ml of DCM were added and agitated for 10 min, then the solvent was drained. 
The peptidyl resin was left in the reactor to dry overnight. 
7) Cleavage 
Liberation of the final peptide from the support was accomplished by treating the 
system with 20 ml of a cleavage mixture (95 vol.% of trifluoroacetic acid (TFA) and 5 vol.% 
of anisole) and agitating the vessel for 3 hours. Anisole was added to prevent highly reactive 
TFA participating in side reactions. Subsequently, the peptide solution in TFA was poured 
into a round-bottom flask and TFA was evaporated using a rotary evaporator, leaving a 
concentrated peptide solution. The peptide was isolated by precipitation into diethyl ether and 
centrifugation. The washing with diethyl ether and centrifugation were repeated 4 times. 
Finally, the peptide was lyophilised from water, resulting in a white powder material with the 
yield of ~ 80%. The peptide structure was confirmed by 1H NMR (Appendix 1 Fig. A1.1 and 
A1.2), its molar mass was confirmed by mass spectroscopy (MS) (1121 g mol-1) (Appendix 1 
Fig. A1.3) and its purity was found to be ~ 85% using reverse phase high performance liquid 
chromatography (RP-HPLC) (Appendix 1 Fig. A1.4 and A1.5) 
3.3.2. Modification of FEFEFKFK with 3-mercaptopropionic acid (MPA) 
The synthesis of SH-modified peptide was performed in a similar way as for a normal 
peptide using the method developed by Stoica et al. [4]. Once all standard amino acid coupling 
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steps were complete and the N-terminus of the last amino acid was deprotected, 8 fold excess 
of 3-mercaptopropionic acid (MPA) and HCTU were added. The reaction mixture was 
agitated for 24 h to ensure the coupling of MPA to the free amino group of the peptide. The 
functionalised peptide was then cleaned, cleaved and purified, following the same procedures 
described above. The peptide modification was confirmed by proton nuclear magnetic 
resonance (1H NMR) (Appendix 1 Fig. A1.1 and A1.2), the peptide molar mass was confirmed 
by MS (1209 g mol-1) (Appendix 1 Fig. A1.3) and its purity was found to be ~ 85% using 
HPLC (Appendix 1 Fig. A1.4 and A1.5).  
 
3.3.3. Polymerisation of N-isopropylacrylamide (NIPAAm) 
NIPAAm was polymerised via FRP with AIBN as initiator. NIPAAm and AIBN were 
both recrystallised prior to use from hexane and methanol respectively. Typically 3 g 
(26.5 mmole) of NIPAAm and 40 mg (0.244 mmole) of AIBN were placed in a reaction vessel 
with a magnetic stirrer. 40 ml of deaerated iso-propanol were added to dissolve the reagents. 
The reaction mixture was stirred for 24 h at 65°C under N2. After that the reaction mixture 
was cooled to room temperature. It was concentrated by evaporating the majority of organic 
solvent using a rotary evaporator. The product was dissolved in THF and precipitated into 
hexane. This dissolution/precipitation and evaporation was repeated several times until a 
white powder was obtained. The polymer was characterised by gel permeation 
chromatography (GPC), by micro differential scanning calorimetry (micro DSC) and 1H NMR. 
 
3.3.4. PNIPAAm functionalisation with peptide 
A series of polymer-conjugate mixtures were obtained using the conditions given in 
Table 3.1. 
Table 3.1: PNIPAAm functionalisation with FEFEFKFK and FEFKFEFK 
 
Sample* 
 
nNIPAAm 
(moles) 
 
nAIBN × 10
-4 
(moles) 
SH-FEFEFKFK (S) or 
SH-FEFKFEFK (A) 
m  
(mg) 
n × 10-5 
(moles) 
PS1 and PA1 0.0265 2.44 100 8.27 
PS2 and PA2 0.0265 2.44 200 16.5 
PS3 and PA3 0.0265 2.44 400 33.1 
       * S and A stand for sequential and alternating peptides FEFEFKFK and FEFKFEFK respectively. 
The reagents were dissolved in 30 ml of deoxygenated DMSO and the reaction mixture 
was stirred at 65ºC for 24 h under N2. The reaction mixture was subsequently cooled to room 
temperature and the majority of solvent was evaporated using a rotary evaporator. The viscous 
liquid left was diluted with deionised water to 500 ml. This solution was placed in dialysis 
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membranes with 3,500 g mol-1 molecular weight cut-off (MWCO) (Medicell Ltd., UK) and 
dialysed against water for 4 days to remove short polymer chains and unreacted reagents. 
After purification, the solution was lyophililysed to give a white powder product with yield 
> 85%. The products were characterised by 1H NMR (see Appendix 2 Fig. A2.1 – A2.3), SLS, 
viscometry, GPC and micro DSC. 
It should be noted that Michael addition of NIPAAm monomers to the primary amine 
on the side chains of lysine may occur. Previous experiments in the beginning of this project 
using the coupling of carboxyl group functionalised PNIPAAm to the peptide with 
unprotected side chain groups via N-hydroxysuccinimidyl (NHS) and carbodiimide strategy 
showed that polymer attachment to the side chains of lysine resulted in products insoluble in 
water. The products obtained in this study using the polymerisation of NIPAAm and peptidic 
chain-transfer agent were fully soluble suggesting that only linear conjugates were obtained. 
 
3.3.5. Determination of the polymer/conjugate ratio 
50 mg ml-1 of polymer/conjugate mixture was dissolved in 1 ml of H2O. Centrifugation 
was used to separate unconjugated polymer from the conjugate. It was anticipated that after 
centrifugation the conjugate would start to self-assemble into fibres and would precipitate at 
the bottom due to their increased density. As to the less dense polymer, it would be extracted 
and present in upper liquid phase. Polymer was extracted a further 3 times and the resulting 
polymer and conjugate fractions were separately collated, freeze-dried, analysed by 1H NMR in    
DMSO-d6 and weighed to calculate the ratios. 
 
3.3.6. Gelation and phase behaviour of polymer-rich and peptide-rich 
gels 
In Chapter 4 polymer/conjugate mixture solutions were prepared in the sample 
concentration range from 5 to 200 mg ml-1. The samples were mixed thoroughly for 30 sec 
using the Vortex mixer and left at room temperature to dissolve completely. Gel behaviour 
was studied after ~ 12 h. The concentration at which self-supported gels were formed was 
registered as a critical gelation concentration of a sample using a tilt-test.  
The phase behaviour of the gels was studied as a function of temperature. The test tubes 
were placed in a thermo-regulated water bath and the phase behaviour of each sample was 
recorded visually at 10°C intervals during heating/cooling cycle from 25 to 80°C. When each 
temperature was reached, the samples were equilibrated for 15 minutes, and the observations 
were recorded.  
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In Chapter 5 and 6 the samples were prepared in a similar fashion as described 
previously in section 3.3.6. Gelation was studied after ~ 12 h. To study the phase behaviour 
gels were placed in the thermo-regulated oven at 40 and 80°C for 15 min and their state was 
recorded by removing the samples from the oven and taking the pictures of the phase 
separated samples. 
 
3.4. Instrumental techniques 
3.4.1. Nuclear magnetic resonance (NMR) spectroscopy 
3.4.1.1. Theory behind NMR spectroscopy 
NMR is a technique to analyse the structure and stereochemistry of chemical molecules, 
mainly organic compounds which consist of carbon, hydrogen and oxygen. Every NMR 
experiment involves three steps: sample placement in a static magnetic field, excitation of the 
nuclei of the sample with a radio frequency pulse and measurement of the frequency of the 
signals emitted. Typically the NMR active nuclei in the sample resonate at different 
frequencies which are called resonance frequencies. These are the frequencies emitted by 
the nuclei when the sample is excited by the radio frequency pulse. The type of nucleus and 
local atomic environment influence the value of the resonance frequency.  
Electrons, protons and neutrons are spinning on their axes. In many atoms like 12C these 
spins are paired against each other, so that the nucleus of the atom has no overall spin. These 
atoms are inactive towards radio frequency. The atoms in which the nucleus possess an overall 
spin (I) are active, for example, 1H and 13C. 1H is also the most abundant isotope in nature 
(99.98%). A natural abundance of 12C is 98.89%, but it is inactive. Hence 13C is used even if its 
natural abundance is only 1.11%.  
In the magnetic field atomic nuclei align depending on their spin, and electrons interact 
with the magnetic field and begin to circulate around the nucleus. Electrons generate a 
magnetic field which is opposite to the main magnetic field and therefore decrease it. In other 
words the electrons shield the nucleus from the applied magnetic field. The difference 
between the applied field and the field at the nucleus is termed the nuclear shielding. This 
decrease in the main magnetic field is small and can be measured in parts per million (ppm). 
The chemical shift represents the ratio of the change in magnetic field with the respect to the 
magnetic field required to bring nuclei with no shielding effects into resonance. The size of 
chemical shift is dependent on the neighbouring atoms. NMR signal frequencies are measured 
in Hertz (Hz – cycles per second) or Megahertz (MHz). All the frequencies are measured with 
respect to a reference. For 1H NMR the recommended reference is tetramethylsilane Si(CH3)4 
(TMS) and its peak is taken as a reference of zero. The advantage of the ppm unit is that 
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frequency measurements are independent of magnet strength which simplifies the comparison 
of spectra obtained on different instruments. To covert the frequency from ppm to Hertz, the 
frequency of the emitted signal in Hz should be multiplied by the carrier frequency in MHz. 
To convert Hertz to ppm, Hertz should be divided by the carrier frequency in MHz. Most 
protons display chemical shifts within 14 ppm of TMS.  
Splitting of NMR signals may occur due to magnetic interaction between neighboring 
protons. For example, two protons can combine and exist in three possible magnetic states as 
a result of spin orientation. The effect of spin-spin coupling can be removed by a technique 
called “decoupling” when the presence of a particular proton group can be masked. 
During the acquisition of the signals emitted by the excited atoms in the sample the raw 
data is acquired and the received signal is called an Free Induction Decay (FID). The FID is 
then transformed into the frequency spectrum using mathematical operation (Fourier 
transformation). In the FID the signal intensity varies with time. An NMR spectrum is a plot 
of signal frequency versus signal intensity. The frequency provides qualitative information 
about the local atomic environment. The intensity gives quantitative information as the 
integral of the peak is directly related to the number of nuclei contributing to a signal at a 
particular frequency [5, 6]. 
13C NMR follows the same principles as 1H NMR and identifies carbons in organic 
molecules. TMS is also used as the reference (0 ppm), however the chemical shift range is 
approximately 20 times larger than that of 1H NMR [7]. 
 
3.4.1.2. General procedure for NMR spectroscopy 
1H NMR spectra were measured on a Bruker DPX 400 Spectrometer operating at       
400 MHz. Deuterated dimethyl sulfoxide (δ (DMSO-d6) = 2.50 ppm) with 0.03% 
tetramethylsilane (TMS) was used as a solvent reference. All the spectra used for the 
comparison were collected under identical conditions with 256 scans. The spectra were 
analysed using MestreNova software (CambridgeSoft). 
 
3.4.2. Static Light Scattering (SLS) 
3.4.2.1. Principle of SLS 
In light scattering the light beam (electromagnetic wave) is scattered by the atoms or 
molecules of the medium. The intensity of the scattered light depends on the polarisability of 
the molecules (molecules posses a dipole moment) which in turn depends on the molecular 
weight. Therefore light scattering is one of the techniques for determining wM  of polymers 
[8-10]. 
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For gases, Rayleigh showed that the reduced intensity of the scattered light Rθ at any 
angle θ to the incident beam of wavelength λ could be related to the molar mass of the gas M, 
its concentration c, and the refractive index increment (dn/dc) using the following equation: 
                                      c
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=                              (Eq. 3.2) 
 where Rθ  = iθr
2/I0 is Rayleigh ratio, where I0 is the intensity of the incident beam, iθ is the 
quantity of light scattered per unit volume by one centre at an angle θ to the incident beam, r 
is the distance of the centre from the observer, and NA is the Avogadro’s number. This 
equation is valid only for gases where all the particles are considered as independent scattering 
centres. 
 For polymer solutions, both scattering from the solvent and polymer contribute to 
scattering, therefore 
           Rθ  = Rθ(solution) - Rθ(solvent)                                     (Eq. 3.3) 
and the change of polymer concentration is related to the change in Gibbs energy (∆G) which 
in turn is related to the osmotic pressure π, then: 
                                        
TA dcd
RT
N
NM
dc
dnnR )/()cos1(
4 2
2
4
2
0
2
pi
θ
λ
pi
θ +





=                 (Eq. 3.4) 
where n0 and n are the refractive indices of the solvent and solution respectively measured by 
differential refractometer, c is polymer concentration, and N is the number of polymer 
molecules. The refractive index increment 
dc
dn
 is defined as 
c
nn 0− . Differentiation of the 
virial expansion for ̟ with respect to c, followed by substitution in Eq. 3.4 and rearrangement 
gives: 
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These equations are valid for molecules smaller than λ'/20 when the angular scattering is 
symmetrical, λ' being the wavelength of light in solution, i.e. λ' = λ/n0. Molecular weigth for 
small particles can be calculated using the Eq. 3.5. When polymer molecules are larger than 
λ'/20, intramolecular interactions become predominant and cause the light scattering from 
two or more centres. In this case the scattering depends on the shape of the molecule. 
Guinier found that using the scattering originated from large particles a characteristic 
shape-dependent geometric function called the radius of gyration 
2/12
gR  can be obtained. 
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One of the methods for determining 
2/12
gR  employs the double extrapolation method 
proposed by Zimm. This method uses the assumption that the scattering at zero angle is 
independent of size and the form factor P(θ) is unity when θ = 0. In practice, it is difficult to 
measure scattering at zero angle, therefore an exptrapolation method has been developed that 
is based on the following equation: 
                                               ...2)
3
1(1 2
2/122
+++= cA
Rq
MR
Kc g
wθ
                     (Eq. 3.7) 
where q is the scattering vector: )
2
sin(
'
4 θ
λ
pi
=q . 
Experimentally, the scattering intensity for each polymer concentration in a dilution 
series is measured at different angles and the data is plotted as (Kc/Rθ) versus (sin
2(θ/2) + k'c), 
where k' is an arbitrary constant. A double extrapolation is performed by joining all points of 
equal concentration and extrapolating to zero angle, and then all points of equal angles and 
extrapolating them to zero concentration. The lines of θ = 0 and c = 0 should have a common 
interseption. This gives a grid-like graph presented in Fig. 3.1. The intercept with y axis gives 
the value of 1/ wM , the slope of the θ = 0 gives the value of A2 and Rg is calculated from the 
slope of the c = 0 divided by the intercept. 
           
Figure 3.1: A Zimm plot using the double extrapolation method 
 
3.4.2.2. General procedure for SLS 
SLS measurements were carried out to determine the weight-average molar mass ( wM ), 
the radius of gyration ( gR ) and the second virial coefficient ( 2A ). SLS measurements were 
carried out on a Brookhaven Instruments Corporation thermally regulated (± 0.1°C) motor 
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driven goniometer (BI-200SM) equipped with the digital autocorellator (BI-9000AT), 
multidiode detector (BT-APD) and with a He-Ne laser at 632.8 nm (Melles Griot). A series of 
polymer and polymer-conjugate solutions with concentration ranging from 0.5 to 2% were 
prepared in 1 mM phosphate buffer (pH 7) and filtered prior to the measurements using 
0.45 µm filter (Millipore) at 5ºC. The specific refractive index increment (dn/dc) necessary for 
the SLS analysis was determined for each sample dilution series using Abbe refractometer 
(Model 60/ED) connected to water bath HAAKE F3 digital at 20ºC and Na lamp. BI-ZPW 
Static Light Scattering Software was used to calculate wM , gR  and 2A  values. 
 
3.4.3. Viscometry 
3.4.3.1. Introduction to viscometry 
When polymer is dissolved in a solvent, its chains interact with solvent molecules 
changing their conformation and thus affecting the viscosity of a solution. Viscosity of the 
polymer solution depends also on polymer concentration and on polymer molecular weight [8]. 
Viscometry of a dilute solution provides a rapid method for the average-viscosity 
molecular weight ( vM ) determination. For a given polymer/solvent system at a given 
temperature the intrinsic viscosity, [η] represents the volume occupied by a polymer per mass 
unit and is related to vM  through the Mark-Houwink-Sakurada equation: 
                                                           avMK=][η                                              (Eq. 3.8) 
where K and a are empirical constants determined experimentally for the polymer/solvent 
system at a specified temperature using fractions of known molar mass. When a is equal to 0.5, 
the polymer is in theta solvent (ideal solvent). If 0.5 < a < 0.8, polymer chains are in a “good” 
solvent and they are in expanded conformation. When a > 0.8, the quality of the solvent 
decreases and polymers are in “poor” solvent where intra-molecular interactions become 
dominant [240]. 
The viscosity of a dilute solution is measured in a capillary viscometer. The estimation of 
polymer molar mass from viscosity measurements does not require absolute viscosities.  
Hence the absolute calibration of viscometers is not necessary.  The relative viscosity, ηrel, is 
defined as the ratio of the viscosity of the solution to the viscosity of the solvent. If the flow 
time of solvent is t0  is equal to that of the solution ts, then  
                                                        
00t
tSS
rel ρ
ρη =                                               (Eq. 3.9) 
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For the dilute solutions employed in the viscosity measurements, the densities of the solvent, 
ρ0, and the solution, ρs, are assumed to be equal. Therefore,         
                                                                                                               ηrel = ts / t0                                                 (Eq. 3.10) 
The specific viscosity, ηsp, expresses the increase in viscosity due to the solute and is 
defined by                                                ηsp = ηrel - 1.                                               (Eq. 3.11). 
Even in dilute solution molecular interactions occur, therefore ηsp is expressed either as a 
reduced viscosity ηsp/c according to the Huggins relation at infinite dilution: 
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or as an inherent viscosity lnηrel/c according to the Kraemer relation at infinite dilution:  
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                           (Eq. 3.13). 
A double extrapolation to c = 0 gives the common intercept with y axis which gives the value 
of [η] which is a characteristic parameter for the polymer in a particular solvent. kH and kK are 
shape-dependent factors and are called the Huggins and Kraemer constants accordingly. 
Experimentally, both ηsp/c and lnηrel/c are calculated by measuring the flow times (in 
modern viscometers the time of fall of the ball in a capillary) for pure solvent and for a series 
of polymer solutions over a certain polymer concentration range. 
 
3.4.3.2. General procedure for viscometry measurements 
Viscosity measurements were performed on automated micro viscometer AMVn 
(Anton Paar) using the glass capillary with diameter of 1.6 mm and the ball with diameter of 
1.5 mm. The most concentrated solution of each sample in 1 mM PB (pH 7) was prepared 
first and the solutions of lower concentrations were obtained by successive dilution. A series 
of solutions for each conjugation product and polymer with concentration ranging from 0.5 to 
2% was prepared. The measurements of dynamic viscosity as well as the time of fall of the ball 
in the capillary for pure solvent, conjugation products and pure polymer solutions were taken 
at 10°C.  
 
3.4.4. Reversed phase high performance liquid chromatography 
(RP-HPLC) 
3.4.4.1. Principle of RP-HPLC 
Typically, every HPLC system consists of a pump with solvents and a degassing unit, a 
column and a detector. When the sample is injected into the system, the mobile phase carries 
Chapter 3                                                                                               Materials and Methods 
 
 
 
117 
it through the column where the separation occurs. In this case, the separation is based on the 
chemical or physical affinity of the analyte to the column and mobile phase. The stationary 
phase consist of silica beads covered with hydrophobic saturated carbon chains. The degree of 
interaction between the mobile phase and the stationary phase affects the retention time of the 
analytes. If the sample does not exhibit any affinity towards the columns, it is readily eluted 
from the column at short retention times and vice versa. If the stationary phase is nonpolar, 
then a polar mobile phase is used (most commonly methanol or acetonitrile with water) and 
the technique is called reversed phase chromatography (RPC). In RP-HPLC the retention time 
can be increased by adding more water to the solvent, thus increasing the interaction time of 
hydrophobic analyte with hydrophobic stationary phase. These interactions can be reduced, by 
adding organic solvent, thus reducing the retention time [11].  
 
3.4.4.2. General procedure for RP-HPLC analysis 
HPLC measurements were performed on a Dionex Ultimate 3000 HPLC system, fitted 
with an Acclaim 300 column (particle size 3 µm, pore size 100 Å, surface chemistry C18) using 
a gradient of two solvents (Table 3.2): solvent A is HPLC grade water + 0.1% TFA and 
solvent B is acetonitrile (ACN) + 0.1% TFA.  
 
Table 3.2: Gradient of solvents used for the RP-HPLC method 
Solvent A: water + 0.1% TFA, solvent B: ACN + 0.1% TFA 
Time (min) Solvent B (%) 
0 20 
4 20 
35 80 
40 80 
42 20 
 
Samples were prepared by dissolving 0.5 mg of peptide in 1 ml of deionised water and 
0.5 ml acetonitrile. The sample injection volume was 100 µl and the flow rate in the column 
was maintained at 1 ml min-1. The software Chromeleon CHM-1 6.80 was used to acquire and 
process the data. 
 
3.4.5. Size exclusion chromatography (SEC) 
3.4.5.1. Introduction to SEC 
Chromatography is a physico-chemical process that enables the separation of the 
components of a mixture. SEC, also called gel filtration chromatography when the mobile phase is 
aqueous, and gel permeation chromatography (GPC) when the mobile phase is organic, is a high 
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performance liquid chromatography (HPLC) technique where macromolecules are separated 
according to differences in their hydrodynamic volume. SEC is widely used for the 
determination of polymer molecular weight and molecular weight distribution (MWD) or 
polydispersity index (PDI). The separation is possible by using columns packed with porous 
spherical particles of crosslinked polystyrene or macroporous silica (3 to 20 µm). During 
separation the mobile phase with the macromolecular solute molecules is exchanged with the 
stagnant liquid phase that occupies the interior of the pores. Large molecules are excluded 
from the smaller pore sizes of the packing material and consequently pass quickly through the 
column and are eluted first (Fig. 3.2). Smaller molecules diffuse into the many smaller pores, 
thus retarding their elution. Refractive index (RI), ultraviolet (UV) or infrared (IR) detectors 
are used to obtain the mass distribution as a function of retention or elution volume. The 
resulting chromatogram in an SEC experiment represents a molecular size distribution [12]. 
 
Figure 3.2: Schematic representation of the separation process in SEC: A) sample injection,  
B) size separation, C) elution of large molecules, D) elution of small molecules 
 
During synthetic polymerisation a distribution of macromolecular chains with different 
length is produced. SEC is widely used for the determination of the number-average ( nM ) 
and weight-average ( wM ) polymer molecular weights and polydispersity index (PDI):  
∑
∑
∑
∑
==
i
ii
i
i
i
i
i
ii
n MW
W
N
MN
M    (Eq. 3.14);              
∑
∑
∑
∑
==
i
i
i
ii
i
ii
i
ii
w M
MW
MN
MN
M
2
   (Eq. 3.15) 
where Ni and Wi are the number and weight, respectively, of molecules having molecular 
weight Mi. The subscript i is an index representing all molecular weights present in the 
ensemble of chains. Mi  is obtained via calibration with appropriate standards where a series of 
narrow-dispersed molecular weight standards of known peak molecular weight (Mp) are 
injected into the SEC system and the retention volumes determined. Then log Mp is plotted 
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versus retention volume and this gives the calibration curve, from which nM  and wM  are 
calculated.  
Molecular size (radius of gyration, Rg) and molecular weight are related to each other the 
following relationship: Rg ~ M
α, where α  is a constant which depends on the solute 
composition, the temperature and the solvent. This relationship depends also on different 
macromolecular chain conformations. The majority of synthetic polymers form random coils 
in solution. Once nM and wM of a polymer are obtained, the PDI is calculated using Eq. 3.16. 
For FRP the PDI values are about 2.0, but larger and slightly smaller values are possible [11, 
12]. 
                                                        
n
w
M
M
PDI =                                                       (Eq. 3.16) 
 
3.4.5.2. General procedure for GPC 
GPC studies were undertaken to determine wM , nM  and PDI of the polymeric products 
obtained in the study. Samples were prepared by dissolving 20 mg of product in 10 ml of 
DMAc. GPC measurements were performed using N,N-dimethylacetamide (DMAc) with 
0.05% LiNO3 as an eluent and PLgel 500 Å + 2 Mixed B column (column temperature was 
75°C, flow rate was 1 ml min-1, injection volume was 100 µl, pump Waters 501). The detection 
was performed with a refractive index (RI) detector (ERC-7515A, detector temperature was 
50°C). PEG/PEO standards were used for calibration.  
 
3.4.6. Oscillatory rheology 
3.4.6.1. Principle of rheology 
Viscous materials resist shear flow and strain linearly with time when stress is applied. 
Elastic materials strain instantaneously when stretched and return to their initial state once the 
stress is removed. Soft (visco-elastic) materials exhibit mechanical properties that lie between 
those of a pure solid and those of a viscous liquid. In oscillatory rheology a sinusoidal shear 
deformation is applied to the sample and the resultant stress response is measured. Typically 
the sample is placed between two parallel plates, as shown in Fig. 3.3.  
The top plate rotates imposing a time dependent strain on the sample,  
                                                  )sin()( tt ωγγ ⋅=                                             (Eq. 3.17) 
where γ – strain, ω – oscillation frequency, t - time, while the bottom plate stays stationary and 
measures stress response. Simultaneously, measurements of the torque that the sample 
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imposes on the bottom plate give the time dependent stress, )(tσ . A Peltier element provides 
temperature control.   
 
                                   
Figure 3.3: Schematic representation of a typical oscillatory rheometer with the sample placed between 
two parallel plates 
 
The visco-elastic behaviour of the system at ω is characterised by the storage, or elastic 
modulus, G'(ω), and by the loss, or viscous, modulus, G''(ω), which characterise the solid-like 
and liquid-like contributions to the measured stress response respectively. For a sinusoidal 
strain deformation (Eq. 3.18), the stress response of a visco-elastic material is given by  
                                )cos()('')sin()(')( 00 tGtGt ωγωωγωσ +=                      (Eq. 3.18) 
Initially, amplitude sweeps are performed to determine the linear visco-elastic region 
(LVR) of the material (to determine the strain) where material is independent of the extent of 
deformation. Then frequency sweeps are performed in the LVR. Frequency-dependent G' and 
G'' are recorded when the material is an undisturbed state, where the applied strain 
deformations are sufficiently small to affect the material properties [13, 14].  
 
3.4.6.2. General procedure for oscillatory rheology 
Mechanical studies were performed on a stress-controlled Bohlin C-CVO rheometer, 
equipped with a Peltier device to control the temperature. A parallel plate geometry 
(Ø = 20 mm, 0.25 mm gap) was used with a solvent trap to minimise evaporation.  
Rheological experiments of all samples consisted of three stages for each sample. Firstly, 
a strain amplitude sweep (γ = 0.001 - 10) was performed at constant frequency (ω = 1 rad s-1) 
to identify the LVR. Secondly, the frequency sweep (ω = 6.28 – 62.8 rad s-1) at constant strain 
amplitude (γ = 0.01) was performed to determine the elastic (G') and viscous (G'') moluli 
within LVR. Both measurements were performed at 20°C. Finally, temperature sweeps were 
performed at a constant strain amplitude (γ = 0.01, ω = 1 rad s-1) and in the temperature range 
rotating plate 
sample 
sensor 
Peltier element 
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from 20 to 80°C at a heating/cooling rate of 1 °C/min. Silicon oil was placed around the 
sample to minimise evaporation. Heating/cooling cycles were performed three times. 
 
3.4.7. Micro differential scanning calorimetry (micro DSC) 
3.4.7.1. Principle of micro DSC 
The phase transitions of different materials, even having them in small quantities, can be 
studied by micro DSC with an ultra-high analytical sensitivity. This technique measures the 
difference in heat flow necessary to increase or decrease the temperature of a sample and 
reference. The calorimetric block of the micro DSC instrument consists of a metal cylinder 
with high thermal conductivity (Fig. 3.4A).  
                                                           
                                A                                                                        B   
Figure 3.4: Schematic representation of: A) the calorimetric block and  
(B) experimental vessel of the micro DSC instrument [15] 
Solid or liquid samples are placed in the “measurement” cell, while the “reference” cell 
contains an inert material to compensate the heating. There are different types of experimental 
cells depending on the application. For the experiments closed “batch” cells were used 
(Fig. 3.4B) which are typically used to determine the phase transitions of liquid samples, e.g. 
aqueous solutions of polymers or biopolymers. 
During the experiment the heating block delivers different heat flow to maintain the 
temperature of the sample equal to that of the reference. The difference in the heat flows 
between two cells is related to the thermal characteristic of the sample and gives information 
about the thermal properties of the material such as melting, crystallisation, polymerisation 
and decomposition. 
The difference in heat flows is related to the specific heat capacities of the sample. The 
heat flow US necessary to increase the temperature of the sample of mass MS by a degree is 
expressed as: 
                                                                US = MS × CS                                             (Eq. 3.19) 
Thermostatic liquid 
Heat flow transducer 
Measurement cell 
Reference cell 
External circulation 
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Similarly, the heat flow UR necessary to increase the temperature of the reference of mass MR 
by a degree is expressed as: 
                                                                UR = MR × CR                                            (Eq. 3.20) 
CS and CR are the specific heat capacities of the sample and reference respectively. The 
difference of the heat capacities can be written as: 
                                                   
S
S
R
R
SR M
U
M
UCCC −=−=∆                                  (Eq. 3.21). 
For each sample a thermogram is obtained by plotting C∆ as a function of 
temperature. In the case when no thermal transitions occur, only the baseline showing the 
variation of C∆  with temperature is observed.  
During the first order transitions the specific heat capacity becomes infinite and the 
latent heat (amount of energy released or absorbed by a sample during the change of state) 
becomes predominant and the thermogram shows a peak The maximum or minimum of the 
peak describes the temperature of a transition and the area of the peak is related to the 
enthalpy of the transition. Total enthalpy changes between the sample and reference is defined 
by the following equation: 
                                                            ∫ ⋅∆=∆
T
T
tot dTCH
0
                                         (Eq. 3.22) 
where T0 and T are initial and final temperatures. 
The equation can also be written as: 
                                                        ∫ ⋅∆+∆=∆
T
T
tbtot dTCCH
0
)(                                (Eq. 3.23) 
where bC∆  is the difference of the heat capacities when no thermal transition is observed 
(baseline), tC∆  is the difference of the heat capacities due to the thermal transition. 
Finally, the total enthalpy of the thermal transition corresponds to the peak area is 
written as: 
                                                               ∫ ⋅∆=∆
T
T
ttot dTCH
0
                                     (Eq. 3.24) 
Phase transitions of polymer solutions, biological materials and gels can be studied by 
micro DSC. Very slow temperature scanning rates (even lower that 0.001°C min-1) allow a very 
accurate analysis of these transitions and very low detection limits that are much lower by a 
factor of ten in comparison to conventional DSC techniques. Calorimetric signal variations of 
less than one microwatt can be detected. The micro DSC operating temperature range is from 
-20 to 120ºC [15]. 
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The results from micro DSC experiments are displayed as a thermal analysis curve in 
which the instrument signal (“heat flow”) is plotted against sample temperature or time. From 
micro DSC plots the temperature values of the transition occurred and the enthalpy values 
associated with it can be extracted [5]. 
 
3.4.7.2. General procedure for micro DSC 
Thermal analysis was performed on a micro differential scanning calorimeter III 
(SETARAM, France). A certain amount of polymeric material was dissolved in 1 ml of 
deionised water and then the samples were weighed directly in the experimental cell prior to 
analysis and the cells were sealed hermetically. Heating scans were recorded in the range of 
20 – 80°C at a heating rate of 1 °C min-1. Deionised water was used as a blank reference. The 
heating and cooling cycles were performed four times to study the reversibility of the phase 
transitions observed. For each sample onset temperature, peak temperature and enthalpy of 
the phase transition were determined from the DSC curves using Setsoft 2000 software.  
 
3.4.8. Transmission electron microscopy (TEM) 
3.4.8.1. Principle of TEM 
TEM uses a high energy electron beam transmitted through a very thin sample to image 
and analyse the microstructure of materials with atomic scale resolution. The microscope 
operates on the same basic principles as the light microscope, but uses electrons instead of 
light. The schematic representation of a TEM is given in Fig. 3.5. A radiation source at the top 
of the microscope emits the electrons that travel through vacuum in the column of the 
microscope. The electrons are accelerated at several hundred kV, giving wavelengths much 
smaller than that of light thus offering a thousand times better resolution. 
Electromagnetic lenses are used to focus the electrons into a very thin beam which 
travels through the specimen. Polymers are typically composed of elements that are low 
scatterers of electrons and have little spatial variation in the electron density, thus resulting in 
poor contrast. To overcome this, the sample is stained with a heavy metal solution (e.g. uranyl 
acetate). The metal ions attach to certain regions of the sample, enhancing the contrast. 
Depending on the density of the material, some of the electrons are scattered and disappear 
from the beam. The unscattered electrons hit a fluorescent screen at the bottom of the 
microscope, giving a “shadow image” of the specimen with its different parts displayed in 
varied darkness according to their density. The image can be studied directly by the researcher 
or recorded with a camera [15, 16]. 
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Figure 3.5: Schematic representation of a transmission electron microscope 
 
3.4.8.2. General procedure for TEM 
Sample morphology was studied using a JEM-1220 electron microscope (JEOL) 
equipped with Gatan digital camera. Carbon-coated copper grids (400 mesh, Agar scientific) 
were placed with the carbon-coated face on top of a 10 µl drop of aqueous sample solution 
for 10 s. After blotting on Whatman 50 filter paper, the grid was washed by placing the grid 
with the sample side on top of a 10 µl drop of deionised water for 10 s and blotted again. The 
sample was then negatively stained by placing the grids with the sample side on top of a 10 µl 
drop of 4 wt.% solution of uranyl acetate for 60 s and then blotted. After drying, the sample 
was examined by TEM at 100 kV accelerating voltage, at 70% saturation of the filament and at 
5 µA of beam current. Images were obtained by a Gatan digital camera. 
 
3.4.9. Atomic force microscopy (AFM) 
3.4.9.1. Principle of AFM 
AFM is a scanning probe technique, in which a sharp tip positioned on a cantilever is 
scanned along a surface to provide a three-dimensional image of a sample [17-19]. Fig. 3.6 
shows the basic concept of AFM. Attractive or repulsive forces resulting from interactions 
between the tip and the surface cause a positive or negative bending of the cantilever. The 
bending is detected by means of a laser beam, which is reflected from the back side of the 
cantilever and collected in a photodiode. Cantilevers are usually made from silicon (Si) or 
silicon nitride (Si3N4).  
Electron source 
Electron beam 
Specimen 
Electromagnetic 
lense 
Viewing screen 
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Figure 3.6: Principle of AFM (adapted from [20]) 
 
The relevant forces between the tip and the surface are van der Waals and the Coulomb 
forces. Fig. 3.7 represents the curve of force versus distance obtained during surface scanning. 
The distance between the surface and the tip, as well as horizontal movement, is controlled by 
an arrangement of piezoelectric elements controlling the x,y (horizontal) and z (vertical) 
coordinates of the sample surface. When the tip is far from the surface, no interaction 
between it and the surface is observed. As soon as the tip approaches the surface, atoms are 
brought together and the tip enters the attractive regime where it is pulled towards the surface. 
Then it enters the repulsive regime where it is pushed away from the surface due to the 
increased compactness of atoms and hence electrostatic repulsions of their electron clouds. 
Atoms come in contact and van der Waals force becomes positive (repulsive). Repulsive 
forces stop the tip getting closer to the surface.  
 
Figure 3.7: Curve of interatomic force versus tip-to-sample distance (adapted from [20]) 
There are several modes of operation in AFM, depending on the application: 
Repulsive regime – the tip is in 
hard contact with the surface 
Attractive regime – the tip 
is pulled towards the 
surface 
No deflection – the tip is 
far from the surface 
Force 
0 
Intermittent  
contact 
Tip distance from sample (Z axis) 
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- Contact mode – the tip operates in the repulsive regime and it makes soft contacts 
with the surface of the sample. The deflection of the cantilever ∆z is proportional to the 
force, F acting on the tip, via Hook’s law, zkF ∆⋅−= , where k is the spring constant of the 
cantilever. Topographic data can be acquired in two ways: the tip either scans at a constant 
height above the surface or at a constant force. Mainly hard materials are analysed in this 
mode using silicone nitride tips. Soft materials, such as soft gels, can be damaged by the tip.  
- Non-contact mode – the tip is in the attractive force region where the tip-sample 
interaction is minimised. This mode is used for the analysis of attractive forces between the 
chemical surface (e.g., polyelectrolytes) and the tip which is typically made of silicon.  
- Tapping mode (intermittent contact mode) – the cantilever end oscillates with 
such amplitude that the tip touches the sample. Forces between the sample and the tip will 
affect the oscillation amplitude, the resonant frequency and phase of the cantilever. The 
piezoscanners are adjusted vertically in response to amplitude change, thus producing the 
height image (surface topography). At the same time, the phase changes are presented in the 
phase image, showing physical differences on the surface due to different chemistries of the 
materials and forces. This mode is mainly used for the analysis of soft and biological materials, 
such as hydrogels, tissues and cells [20]. 
 
3.4.9.2. General procedure for AFM 
The morphology of the samples was studied using a Veeco Multimode atomic force 
microscope with a Nanoscope IIIa controller. Muscovite mica and metal specimen discs (Agar 
Scientific, UK) were used and films were cast by depositing a 80 µl aliquot of the sample 
(≤ 5 mg ml-1 aqueous solution) onto a freshly cleaved mica surface for 60 s. Excess liquid was 
removed by capillary action and then the surface was washed twice with 1 ml of distilled H2O; 
the first was performed straight after sample deposition and the second after the sample was 
air-dried overnight. The sample was subsequently air-dried again. Olympus high aspect ratio 
etched silicon probes with a nominal spring constant of 42 N m-1 (Veeco Instruments, France) 
were used for imaging. Samples were imaged via tapping mode at a relative humidity of < 45%. 
Cantilever oscillation varied in the range from 300 to 350 kHz, whilst the drive amplitude was 
determined by the Nanoscope software. Height and phase images were captured at a scan rate 
of 1.97 Hz with scan sizes of 5 and 2 µm2. The instrument was periodically calibrated using a 
grating with 180 nm deep, 10 µm2 depressions and tip deconvolution was performed using 
10 mm gold particles deposited on mica. Height data was first-order flattened, and mean fibre 
diameters were determined using the software package WSxM (Nanotec Electronica S.L.) [21]. 
Correction for the overestimation of lateral dimensions due to tip geometry was performed as 
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reported by Sherratt et al. [22]. The true width (Wt) of a cylindrical polymer imaged by an AFM 
tip with a radius of curvature R can be calculated from the measured width at half maximum 
height (Wm) (Eq. 3.25):                       4
2 ttm
WWRW +×=                                       (Eq. 3.25) 
 
3.4.10. Small-angle neutron scattering (SANS)  
3.4.10.1. Principles of SANS 
Scattering means the deflection of an incident beam from its original direction due to 
interaction with the scattering centres of a sample [16, 23-27]. The basic principle of any 
scattering technique is depicted in Fig. 3.8. The incident radiation is characterised by the 
wavelength λ, wave vector k0 with magnitude 2π/λ, and energy E: 
                                                          λ
hcE =                                                    (Eq. 3.26) 
where h is the Plank’s constant equal to 6.626×10-34 J×s and c is the speed of light equal to 
3×108 m s-1. 
 
Figure 3.8: Schematic representation of the scattering principle (adapted from [8]) 
 
During elastic scattering incident and scattered radiation have the same energy, therefore 
the magnitude of the initial wave vector k0 is equal to the final wave vector k. The direction of 
the scattered beam changes by the scattering angle, 2θ. The difference in wave vectors, 
0kkq
rrr
−=  defines the change in the direction of traveling of the wave, and it is referred to as 
the scattering vector or momentum transfer, q:  
                                                                θλ
pi
sin4=q                                               (Eq. 3.27) 
Many forms of radiation can be used for scattering purposes: X-rays, neutrons, electrons, 
laser light and gamma rays. The characteristics for X-rays, neutrons and laser light are given in 
Table 3.3.  
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Table 3.3: Types of radiation used in scattering 
 X-Rays Neutrons Laser light 
Wavelength range 0.1 – 5 Å 1 -15 Å 1 µm 
Scattering by Electrons Nuclei Electrons 
Sample thickness < 1 mm 1 – 2 mm 1 – 5 mm 
Problems with Absorption Low fluxes Dust scattering 
 
Neutron, X-ray and light scattering are complementary scattering techniques to study 
size, shape, and interactions of complex systems. In SAXS and LS electromagnetic radiation 
interacts with electrons in the sample and is scattered from the electron cloud. In SANS, 
neutrons interact with nuclei and the scattering depends on the contrast between a particle 
and environment. SANS is a very useful technique for the study of the concentrated solutions 
or condensed state systems which are inaccessible to SAXS and LS due to difficulties of 
distinguishing between the inter- and intra- chain contribution to the structure.  
Conventional SANS instruments cover the q range from 10-3 to 10-1 Å-1 and the 
scattering angle range from 0.1° to 10°. This corresponds to length scales of 1 to 2000 Å. The 
interaction of neutrons with nuclei is characterised by the neutron-scattering length, b, which 
is usually of the order of 10-12 cm for all nuclei and by the scattering cross-section, σ = 4̟b2 
which corresponds to the atom surface accessible for the radiation. The nuclei of proton (1H) 
and deuterium (2D) have very different scattering lengths: bH = -0.374×10
-12 cm-2 and 
bD = 0.667×10
-12 cm-2 respectively. This feature is in the basis of many SANS experiments 
when the contrast in scattering power between the particle and its environment can be easily 
manipulated by exchanging protons with deuteriums without affecting the physico-chemical 
properties of the sample. The technique is called contrast matching [24]. 
The scattering length density of a molecule of n atoms, ρ is the sum of the scattering 
lengths of the nuclei in the molecule, a divided by the molecular volume, Vm: 
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n
i
i
V
a
V
b
==
∑
=1ρ                                            (Eq. 3.28) 
where bi is the scattering length of n atoms in a molecule. Table 3.4 shows the scattering length 
densities for the components used for the study of the composite gels: D2O, H2O, the mixture 
of H2O and D2O, hydrogenated peptide and deuterated NIPAAm.  
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Table 3.4: Scattering length densities for the hydrogenated peptide, deuterated monomer and solvents 
Compound Scattering length density  
(10-10 cm-2) 
D2O 6.37 
H2O 
58 vol.% H2O /42 vol.% D2O 
-0.56 
2.35 
FEFEFKFK 3.02 (in D2O) / 1.87 (in H2O) 
NIPAAm-d7 6.52 (in D2O) / 0.99 (in H2O) 
 
Table 3.5 shows the molar volumes for the amino acids. The molar volumes of the 
peptide were calculated by adding the molar volumes for each amino acid in the sequence [28]. 
 
Table 3.5: Molar volumes of the amino acids 
Amino acid Molar volume (Å3) 
Glutamic acid (E) 140.6 
Lysine (K) 176.2 
Phenylalanine (F) 203.4 
 
The intensity scattered by any system in dilute regime (no cross-interaction between the 
components) depends on the physical properties of the system defined by the structure factor 
S(q), instrument, and sample geometry. If experimental parameters are included in constant B, 
the intensity scattered can be expressed as: 
                                             I(q) = BTeδeS(q)                                                   (Eq. 3.29) 
with                                               B = Fi Φo δΩi tA                                                   (Eq. 3.30) 
 
where: Fi efficiency of the counter cell 
 Φo flux of the incident beam 
 δΩi solid angle under which the cell i is visible looking from the sample 
 t counting time 
 A sample surface  
 Te transmission of the sample 
 δe  sample thickness 
Structure factor depends on the number of the scattering centres and comprises of two 
terms: coherent, Scoh (reflects the spatial arrangement of the scattering centres and contains 
structural information of the system) and incoherent, Sinc                                                  
(mainly coming from hydrogen molecules and independent of the scattering vector). 
Therefore the scattering intensity can be written as follows: 
                                             I(q) = BTeδeS
coh(q) + Sinc                                       (Eq. 3.31)     
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During SANS experiments only Scoh provides information about the structure. Sinc results in a 
flat background which needs to be subtracted from raw data.                                 
For a system of N components S(q) can written as: 
                                             ∑
=
=
N
kj
jkkj
coh qSaaqS
1,
)()(                                      (Eq. 3.32) 
where Sjk(q) is the correlation function between the species j and k and aj, ak are their 
scattering lengths. 
 In SANS, correlation lengths measured are considerably large in comparison to the 
inter-atomic distances. Therefore it is assumed that the fluctuations of the atomic densities are 
negligible and the system is incompressible. Following these conditions the scattering function 
for the system with N+1 components is: 
                       ∑ ∑
= =≠
−−+−=
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N
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coh qSaYaaYaqSaYaqS
1 1
00
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0 )())(()()()(   (Eq. 3.33) 
where  aj and a0  average scattering lengths for species j and 0 
 Sjk correlation function that reflects intermolecular interactions 
 Sjj correlation function that reflects intramolecular interactions 
 Yj = vj/v0 ratio of molar volumes for species j and 0 
 Yk = vk/v0 ratio of molar volumes for species k and 0 
Eq. 3.33 does not contain the correlation function for species 0 (solvent molecules) because it 
is assumed that these species fill the space non-occupied by the species j and k. 
In this study binary (hydrogenated peptide or deuterated polymer and solvent) and 
ternary (hydrogenated peptide, deuterated polymer and solvent) systems were used and they 
are presented below. 
 
1) Binary system  
In this case the coherent scattering the 2nd term from the Eq. 3.33 disappears and the 
equation can be rewritten as follows: 
                                 )()()( 2 qSaYaqS PPSPPcoh −=                                           (Eq. 3.34) 
where  aP  average scattering length of a polymer (or a peptide) 
 aS average scattering length of a solvent 
 SPP(q) correlation function comprising inter- and intramolecular  
  interactions of a polymer (or a peptide) 
 YP = vP/vS ratio of molar volumes of a polymer (or a peptide) and a solvent 
Usually the experiments are performed at low concentrations to exclude the intermolecular 
interactions of the components. 
Chapter 3                                                                                               Materials and Methods 
 
 
 
131 
2) Ternary system  
In this case the coherent scattering function reads as: 
)())((2)()()()()( 22 qSaYaaYaqSaYaqSaYaqS PolPepSPepPepSPolPolPepPepSPepPepPolPolSPolPolcoh −−+−+−=
             (Eq. 3.35) 
where  aPep average scattering length of a hydrogenated peptide 
 aPol average scattering length of a deuterated polymer  
 aS average scattering length of a solvent 
 SPepPep(q) correlation function comprising inter- and intramolecular  
  interactions of a hydrogenated peptide 
 SPolPol(q) correlation function comprising inter- and intramolecular  
  interactions of a deuterated polymer 
 SPepPol(q) correlation function comprising intermolecular interactions 
between a hydrogenated peptide and a deuterated polymer 
 YPep = vPep/vS ratio of molar volumes of a hydrogenated peptide and a solvent 
 YPol = vPol/vS ratio of molar volumes of a deuterated polymer and a solvent 
The correlation functions SPep(q) and SPol(q) give structural information of the 
components. To study the polymer behaviour it is necessary to cancel the 3rd component in 
the Eq. 3.35, corresponding to the polymer and peptide interactions, by making the term 
( SPepPep aYa − ) of the peptide equal to 0. When the peptide contribution to the scattering is 
cancelled the coherent scattering function can be written as: 
                                                )()()( 2 qSaYaqS PolPolSPolPolcoh −=                           (Eq. 3.36) 
 
The contrast matching can be done by using the mixture of hydrogenated and 
deuterated solvent. The fraction of a deuterated solvent is described by the following relations: 
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where aSH, vSH and aSD, vSD are average scattering lengths and molar volumes for hydrogenated 
and deuterated solvents respectively.  
Contrast matching is performed by preparing the sample in the mixtures of protonated 
and deuterated solvent and measuring the scattered intensity. At certain ratios of protonated 
and deuterated solvents, i.e. contrast match points, the scattering from the molecules to be 
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matched will be equal to that of the solvent and thus will be removed when the solvent 
background is subtracted from the raw data [24]. Fig. 3.9 shows the contrast matching of 
different parts of hydrogenated peptide fibres decorated with deuterated polymer by varying 
the proportions of deuterated and hydrogenated solvents. Fig. 3.9A shows the case when the 
hydrogenated and deuterated solvent mixture, hydrogenated peptide, deuterated polymer have 
different scattering densities. When the content of deuterated solvent increases, it is possible 
to reach the conditions when the deuterated polymer chains and hydrogenated peptide have 
the largest difference in contrast (Fig. 3.9B). The scattering originated from the hydrogenated 
peptide fibres. The study of the deuterated polymer chains is possible when the contrast of the 
hydrogenated peptide fibres matches that from the solvent. It is possible by increasing the 
amount of hydrogenated solvent in the solvent mixture (Fig. 3.9C) [9]. 
           
Figure 3.9: Schematic illustration of the contrast matching concept in SANS(adapted from [9]).  
A) The hydrogenated peptide fibres, the conjugated polymer chains and the solvent have different contrasts.  
B) The deuterated polymer chains are contrast-matched with the solvent and the hydrogenated peptide fibres 
scatter neutrons. C) The hydrogenated peptide fibres are contrast-matched with the solvent and the deuterated 
polymer chains scatter neutrons.  
 
The study of the hydrogenated peptide fibres is possible in D2O where peptide has 
better contrast due to small level of incoherent scattering. According to the Eq. 3.39, the 
contrast factor of the hydrogenated peptide in D2O is 1.09×10
-3.  
                                                    2
2)(
p
Aspsp
m
NaYa
K
−
=                                            (Eq. 3.39) 
where αp and αs are the scattering lengths of the peptide (or polymer) and the solvent 
accordingly, Yps is the molar volume ratio (νp/ νs) between the peptide (or polymer) and the 
solvent, NA is the Avogadro’s number and mp is the peptide (or polymer) molar mass.  
Neither hydrogenated, nor deuterated polymers can be cancelled completely in D2O. 
The contrast factors of the hydrogenated and deuterated polymers in D2O are 2.03×10
-3 and 
9.95×10-5 respectively. For the experiments the composite gels were prepared in D2O because 
the difference between the contrast factors of hydrogenated peptide and deuterated polymer is 
larger than that between the hydrogenated peptide and hydrogenated polymer. 
  A B  C 
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The study of the deuterated polymer segments is possible when the hydrogenated 
peptide is contrast matched using the mixture of H2O and D2O. The contrast match points 
were first calculated using the following equations. For the hydrogenated peptide in the 
mixture of H2O and D2O the term )( SPepPep aYa −  can be written as: 
))(()()(
2222
2222
2
2222 OHOHODOD
OHOHODOD
pep
ODpep
OHOH
pep
ODODSPepPep axax
vxvx
v
axaxaYa +
+
−+=−  
           (Eq. 3.40) 
where ODx 2 , OHx 2  and ODa 2 , OHa 2  are the volume fractions and scattering lengths for D2O and 
H2O accordingly; 
pep
ODa 2 and 
pep
OHa 2 are the scattering lengths for the hydrogenated peptide in 
D2O and H2O accordingly, 
pep
ODv 2  is the molar volume of the peptide in D2O. 
 
Similar equation can be written for the deuterated polymer in the mixture of H2O and 
D2O: 
))(()()(
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ODODSPolPol axax
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v
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−+=−  
           (Eq. 3.41) 
where polODa 2 and 
pol
OHa 2 are the scattering lengths for the deuterated polymer in D2O and H2O 
accordingly, polODv 2  is the molar volume of the deuterated polymer in D2O. 
The crossover term, showing the interaction of the peptide with polymer, can be written 
as:                                  2 )( SPepPep aYa − )( SPolPol aYa −                                         
At certain ODx 2 the peptide will have the same scattering density as the solvent and the 
term )( SPepPep aYa −  will be equal to 0. ODx 2  can be determined by plotting the values of 
2)( SPepPep aYa −  versus OHx 2  (Fig. 3.10). The contrast matching point corresponds to the 
cross-over point with the x axis when y = 0. The volume fraction of H2O equals to        
OHx 2 = 1 - ODx 2 . It was found that the peptide was contrast matched at OHx 2 = 0.58 and ODx 2 = 
0.42. This H2O and D2O ratio was used to prepare the composite gels and to study the 
polymer behaviour. By plotting 2)( SPolPol aYa −  of the deuterated polymer versus OHx 2  it is 
possible to find its scattering density at various ratios of H2O and D2O. The plot of the cross-
over term 2 )( SPepPep aYa − )( SPolPol aYa −  versus OHx 2  shows its small values indicating that 
interactions between the peptide and the polymer are negligible. Then the calculated contrast 
match point is proven experimentally (see Chapter 6). 
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Figure 3.10: The plots of 2)( SPepPep aYa − , 2)( SPolPol aYa −  and 2 )( SPepPep aYa − )( SPolPol aYa −   
versus volume fraction of H2O 
 
3.4.10.2. SANS spectrometer D22 and general procedure for SANS experiment 
SANS experiments were performed at the D22 beam line at the Institut Laue-Langevin 
(ILL) in Grenoble, France [27, 29]. The schematic representation of the spectrometer D22 is 
given in Fig. 3.11. A neutron beam is produced by the horizontal cold source in the reactor. 
The wavelength then is selected using a mechanical velocity selector. The virtual source-to-
sample distance is chosen by a collimation system consisting of eight sections. Each section 
consists of three tubes, any of each can be placed on the beam axis. At the end of the 
collimation the size of the beam in front of the sample is fixed by an aperture, made of Boron 
carbide (B4C) covered by Cadmium.  
D22 possesses the largest area multidetector (3He) of all small-angle scattering 
instruments, with an active area of 102 × 100 cm and pixel size of 8 × 8 mm. It is placed in a 
2.5 m wide and 20 m long evacuated tube (to reduce scattering by air) and can move from 
1.05 to 17.8 m from the sample position. The detector can also rotate around its vertical axis. 
D22 covers a total q range of up to 4×10-4 to 0.65 Å-1 depending on the sample and its 
environment. 
 
Chapter 3                                                                                               Materials and Methods 
 
 
 
135 
 
Figure 3.11: D22 instrument layout (adapted from [30]) 
 
For SANS experiments a neutron wavelength of 6 Å was used. The data were collected 
in the q range of 0.0043 < q (Å-1) < 0.5. The maximum accessible scattering vector modulus q 
range was covered by two detector distances of 5.6 and 11.2 m.  
The composite gels samples were prepared in 2 or 5 mm path quartz cells in D2O to 
study the fibres of hydrogenated peptide and in the solvent mixture of 58 vol.% H2O and 
42 vol.% D2O to study the deuterated polymer segments. The scattering was measured below 
and above the LCST: at 25 and 45°C respectively. The temperature was controlled by an 
external thermostat. Data were corrected for background scattering (intensity scattered by the 
empty cell and the solvent). The incoherent (background) scattering, Iinc, was estimated using 
Porod’s law which gave the scattered intensity of a two phase system at high q values: 
                                              Inc
p I
q
K
qI += 4)(                                                  (Eq. 3.42) 
where Kp is the Porod constant. Iinc was estimated by fitting the last 10-20 data points of the 
scattering curves of Porod representation (q4I(q) versus q4) and slope gave the value of Iinc. 
The data were normalised by incoherent water scattering according to the standard 
procedures at the ILL. After ensuring the scattering was isotropic, the data were radially 
averaged to obtain a one-dimensional scattering plot. Under these conditions the normalised 
intensity scattered by the peptide is: 
                                       
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)()()(                                         (Eq. 3.43) 
where IN(q) is the normalised measured intensity, δ is the thickness of the sample and T is the 
transmission of the sample, s, and the empty cell, e. 
To extract the absolute intensity scattered by the peptide, the coherent intensity 
scattered by the solvent and the incoherent intensity scattered by the peptide and the solvent 
have to be subtracted from total intensity scattered [31]: 
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                             [ ]incDpNA IqIcqIKqI −−−= )()1()(
1)(                              (Eq. 3.44) 
where cp is the peptide concentration (g cm
-3), ID(q) is the normalised intensity scattered by the 
deuterated solvent, Iinc is the background scattering intensity due to the incoherent scattering of 
the hydrogenated peptide and K is the contrast factor described by Eq. 3.39 [31]: 
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4.1. Introduction 
The aim of this study is to modulate the gelling behaviour of PNIPAAm by targeting 
different degrees of functionalisation of PNIPAAm with the self-assembling peptides 
FEFEFKFK and FEFKFEFK. Polymer and peptide conjugation is possible by using a 
sulfhydryl end-functionalised peptide as the chain-transfer agent (CTA) in the free radical 
polymerisation (FRP) of NIPAAm. This procedure provides a mixture of pure polymer and 
polymer-peptide conjugate. The products prepared contain pure polymer and controllable 
quantities of PNIPAAm-FEFEFKFK or PNIPAAm-FEFKFEFK conjugate. In all samples in 
this chapter the free polymer concentration is much higher than conjugate concentration. It 
has been postulated that the peptide segments will retain their self-assembling behaviour after 
conjugation and will form β-sheet fibres decorated with PNIPAAm chains once dissolved in 
water. The effect of the peptide sequence on the self-assembly and gel properties has been 
studied.  
The structural characteristics of the obtained conjugation products will be studied by 
1H NMR, SLS, viscometry and GPC. The thermal and mechanical properties of the resulting 
polymer/conjugate mixtures will be investigated by micro DSC and oscillatory rheology 
respectively. TEM and AFM will allow the gel morphology to be studied.  
 
4.2. Synthesis and characterisation of polymer/conjugate 
mixtures 
Two series of PNIPAAm samples containing various amounts of PNIPAAm-
FEFEFKFK and PNIPAAm-FEFKFEFK conjugate were prepared by using an SH-modified 
FEFEFKFK and FEFKFEFK peptides as the CTA in the FRP of NIPAAm. The names of 
the peptides FEFEFKFK and FEFKFEFK in the conjugation products are abbreviated as 
“S” and “A” respectively which stand for the sequential and alternating peptides. The peptide 
modification with sulfhydryl group was achieved by coupling 3-mercaptopropionic acid 
(MPA) to the N-terminus of the peptide following the protocol of the solid phase peptide 
synthesis outlined elsewhere [1]. Both peptides were modified in the same way. It was 
anticipated that varying the quantity of CTA would influence the quantity of conjugate present 
in the final polymer-conjugate mixture, thus controlling material properties. The details of the 
preparative procedures of the polymer/conjugate mixtures are given in section 3.3.4 in 
Table 3.1. The chemical structures of the polymer-peptide conjugates present in the 
polymer/conjugate mixtures are given in Fig. 4.1. The effect of the peptide sequence on the 
self-assembly and gel properties has been studied.  
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Two series of the synthesised products were dialysed against water for 4 days using 
dialysis membrane with a pore size of 3,500 g mol-1 molecular weight cut-off to allow the 
unconjugated peptide (1,211 g mol-1) to escape. 1H NMR spectra were then used to confirm 
the presence of peptide residues in the samples, using pure PNIPAAm (P0) as a reference, 
which was obtained using the same polymerisation procedure as other products. The 
PNIPAAm spectrum given in Figure 4.2A shows a strong peak at 1.07 ppm corresponding to 
the methyl protons (Hf), broad peaks centred at 1.43 and 1.97 ppm corresponding to the 
backbone protons Ha,b and Hc respectively, a peak at 3.95 ppm corresponding to the 
methylene group (He) and the very broad peak from 7.0-7.8 ppm corresponding to the amide 
group (Hd). The spectrum for polymerisation product PS3, given in Figure 4.2B, shows all 
peaks corresponding to the polymer, and additional multiplets at 4.0-4.8 ppm and               
7.7-8.5 ppm, which become apparent in the magnified insets. These resonances arise from the 
protons in the peptide backbone and in the amide groups respectively. Furthermore the broad 
peak between ~7-7.5 ppm becomes more intense in comparison with the pure polymer due to 
the contribution of protons from the phenyl rings of the peptide. Similar spectra were also 
obtained for the PS1, PS2 and PA1, PA2, PA3 samples (Appendix 2: Fig. A.2.2 and A.2.3).  
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Figure 4.1: Chemical structures of the polymer-peptide conjugates: A) PNIPAAm-FEFEFKFK and     
B) PNIPAAm-FEFKFEFK 
Figure 4.2C provides the 1H NMR spectrum of the peptide FEFEFKFK with the typical 
regions of interest: resonance in the region of 3.7-4.4 ppm corresponding to the protons from 
the peptide backbone, a strong resonance from 7.0 to 7.3 ppm corresponding to the phenyl 
rings of the peptide and the resonance from 7.7 to 8.5 ppm corresponding to the amide 
bonds. 
The presence of the peptide peaks in the 1H NMR spectra could also be due to 
inefficient purification of possibly present free peptide. Physical mixtures of PNIPAAm and 
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the two peptides (20 mg of polymer and 10 mg of peptide) have been therefore prepared and 
dialysed against water under the same conditions used for polymer/conjugate mixture 
purification. The 1H NMR after dialysis revealed the presence of PNIPAAm only, confirming 
the efficiency of the purification method and therefore ensuring that any peptide in the PS1, 
PS2, PS3 and PA1, PA2, PA3 samples was covalently linked to PNIPAAm.  
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Figure 4.2: 1H NMR spectra of: A) PNIPAAm (P0), B) PS3 and C) FEFEFKFK 
(DMSO-d6, 400 MHz) 
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Due to the likely different relaxation times of the protons in the polymer chain and in 
the peptidic groups, the average amount of peptide in the polymerised samples was evaluated 
by using the physical mixtures of peptide and PNIPAAm to generate a calibration curve 
relating the ratio of the signals at 3.95 ppm (He of PNIPAAm, Fig. 4.2A) and 4-5 ppm 
(peptide backbone, Fig. 4.2B) to the weight or molar fraction of peptide in the mixture 
(Fig. 4.3). The corresponding results are provided in Table 4.1 (4th column). These results 
showed that the peptide content increased with the increase of CTA used for polymerisation 
in each series. 
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Figure 4.3: Calibration curve for the determination of the peptide/monomer molar ratio  
in the polymer/conjugate mixtures 
 
Table 4.1: Summary of the polymer/conjugate mixtures prepared in this study a 
Sample 
Chain-transfer 
agent 
Monomer / peptide 
weight ratio 
 
Wpeptide 
Polymer / 
conjugate 
weight ratio 
(centrifug.) 
Conjugate 
Feed 1H-NMR 
in conj. 
DP n
M   
(g mol-1) 
PS1 SH-FEFEFKFK 30 / 1 67 / 1 0.015 15 / 1 33 4850 
PS2 SH-FEFEFKFK 15 / 1 17 / 1 0.060 5.8 / 1 16 3000 
PS3 SH-FEFEFKFK 7.5 / 1 8 / 1 0.111 3.5 / 1 10 2250 
PA1 SH-FEFKFEFK 30 / 1 69 / 1 0.014 20 / 1 23 3700 
PA2 SH-FEFKFEFK 15 / 1 34 / 1 0.029 13 / 1 14 2740 
PA3 SH-FEFKFEFK 7.5 / 1 17 / 1 0.056 4.8 / 1 21 3480 
P0 - - - - - - - 
a In each experiment 26.5 mmol of NIPAAm, 0.244 mmol of AIBN and 0, 82.7, 165 or 
331 µmol of SH-modified peptide (corresponding to 0, 100, 200 or 400 mg) were used. 
 
For analytical purposes the conjugated polymers were separated from unconjugated 
polymers by centrifuging 50 mg ml-1 of polymer/conjugate mixtures at 5,000 rpm for 5 
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minutes: this procedure produced a clear phase separation between an upper, less dense phase 
containing only pure polymer (confirmed by 1H NMR) and a lower phase containing the 
polymer-peptide conjugate. Examples of 1H NMR spectra for the products before and after 
centrifugation of PS3 are given in Fig. 4.4.  
PNIPAAm
Polymer/conjugate 
mixture DMSO
DMSO
DMSO
H2O
H2O
H2O
A
B
C Conjugate
 
Figure 4.4: 1H NMR spectra of: A) non-purified polymer/conjugate mixture PS3, 
B) PNIPAAm and C) conjugate after the purification via centrifugation (DMSO-d6, 400 MHz) 
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Fig. 4.4A shows the spectrum of the polymer/conjugate mixture PS3 with the 
characteristic polymer and peptide signals (see Fig. 4.2B). Fig. 4.4B shows the spectrum of the 
polymer obtained after the centrifugation with the characteristic polymer regions as in 
Fig. 4.2A. Fig. 4.4C shows the spectrum of the purified PNIPAAm-FEFEFKFK conjugate. 
The spectrum clearly shows the intensification of the signals after the purification: a resonance 
at 4 – 4.8 ppm corresponding to the protons from the peptide backbone, a resonance at           
7 - 7.5 ppm corresponding to the aromatic rings of phenylalanine residues, and the peaks at 
7.7 - 8.5 ppm corresponding to the peptide amide bonds. 
After repeating three times the centrifugation and freeze-drying separately the 
sedimented phase and the combined supernatants, the weight fractions were obtained which 
are provided in Table 4.1 (5th column). The results also showed that conjugate content in the 
polymer/conjugate mixtures increased with increasing SH-modified peptide concentration in 
the synthesis. The mixtures PS1-PS3 showed slightly higher conjugate contents than the 
mixtures PA1-PA3. The ratios extracted from 1H NMR were much higher than those 
obtained by centrifugation due to the use of the molar masses of the monomer units in the 
calculations. 
The amount of unconjugated polymer in the mixture can be then subtracted from the 
monomer/peptide weight ratio, allowing the calculation of the peptide weight or molar 
fraction in the conjugated polymers, and thus also their degree of polymerisation or nM  
(Table 4.1, 6th and 7th columns) assuming that only one peptide will be present per 
conjugated chain. For example, PS1 has a 1/16 weight fraction of conjugate and a 1/68 
weight fraction of peptide; since the peptide is only present in the conjugate, the latter will 
have a 16/68 weight fraction of peptide. This corresponds to a 1/33 molar ratio, i.e. a degree 
of NIPAAm polymerisation of 33. 
It was apparent that the amount of conjugate increased with increasing peptide content 
in the polymerisation; however, the conjugates were always a minor component of the 
samples, never exceeding 22% of the total weight. With the exception of PA3, also the nM  of 
the conjugates appeared to decrease with increasing amount of peptide. 
The molecular weight distribution of the samples was investigated. The 
polymer/conjugate mixtures were analysed without separating the two components; however, 
due to the rather small amounts of conjugates present in the samples (ranging from 4.1 to 
22% of the total weight), the results obtained were mostly related to the unconjugated 
polymer chains. The GPC results (Table 4.2, left part) showed that the wM did not vary 
significantly as the concentration of SH-modified peptide increased; it remained roughly 
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constant at ~ 27,000 g mol-1 for PS1, PS2 and PS3 and at ~ 17,000 g mol-1 for PA1, PA2 and 
PA3. A certain influence of the presence of the chain-transfer agent was shown by a tendency 
towards decreasing nM  and increasing polydispersity, as the concentration of SH-modified 
peptide increased. This trend was somehow more apparent in the FEFEFKFK series (PS1-3), 
while the general decrease in nM  for the FEFKFEFK data (PA1-3) was more qualitative, 
since the very low molecular weights obtained likely fall outside the linear range of the GPC 
column. The nM  values, which were mostly attributed to the unconjugated polymers, were 
higher than those determined for the conjugates (centrifugation and 1H NMR) for PS1-3, 
while they were rather similar for PA1-3. These differences, however, may also be related to a 
different form of aggregation of the polymers in the GPC solvent as a result of the different 
peptide structure. Indeed the determination of PNIPAAm molecular weight by GPC is a 
notoriously difficult task and is generally complicated by its unpredictable aggregation [2, 3]. 
 
Table 4.2: Summary of the characterisation data for the polymer/conjugate mixtures prepared in this study 
 
Sample 
GPCa SLS Viscometry 
wM b nM  b 
 n
w
M
M
 
wM  b 
 
gR  
(nm) 
2A  
(cm3 mol g-2) 
[η]H 
(dl g-1) 
[η]K 
(dl g-1) 
 
kH 
 
kK 
PS1 30 14 2.11 290 51±2 (4.4±0.5) 10-4 0.877 0.828 0.43 0.17 
PS2 24 7 3.39 390 61±4 (2.5±0.2) 10-4 0.697 0.868 6.4 -0.06 
PS3 28 7 4.21 300 51±6 (2.5±0.2) 10-5 -0.163 0.369 133 -10.9 
PA1 18 6 3.23 280 78±1 (4.9±1.0) 10-5 0.480 0.492 0.52 0.95 
PA2 17 5 3.32 230 41±2 (5.9±1.4) 10-5 0.509 0.524 0.84 -0.08 
PA3 17 9 c 1.98 c 260 50±3 (1.8±1.8)10-5 0.428 0.459 3.6 -1.6 
P0 27 13 2.08 80 21±6 (1.1±0.2) 10-3 0.606 0.591 0.22 0.19 
a in DMAc using PEG/PEO standards; b expressed in kg mol-1 ; c molecular weight falls outside the linearity of the 
column 
 
The effect of the presence, amount and type of the conjugate in PNIPAAm was then 
studied by static light scattering (SLS) and viscometry (Table 4.2, middle and right parts). SLS 
was performed in phosphate buffer (1 mM PB) and clearly showed a much higher tendency to 
aggregate for the polymer mixtures than for PNIPAAm. A first hint of aggregation is given by 
the very large values of wM  and radius of gyration (Rg) which were much higher for the 
polymer/conjugate mixtures than for the pure polymer. wM  and Rg for PS1 and for P0 were 
290 kg mol-1 and 51 nm and 80 kg mol-1 and 21 nm respectively. The tendency for aggregation 
was further confirmed by the lower values of the second virial coefficient, A2 for the 
polymer/conjugate mixtures than for pure polymer [4-6]. In particular, A2 showed a clear 
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decrease with the increase in conjugate content while it was practically independent of nM  of 
conjugate (Fig. 4.5). An example from literature of the graft copolymer of PNIPAAm and 
polyoxythylene (PEO) with a terminal sulfobetaine group showed that the co-polymer 
aggregated intermolecularly. Its wM  was equal to 1.7×10
6 g mol-1 and showed A2 of 5.7×10
-4 
cm3 mol g-2 [4]. 
 
Figure 4.5: A) Second virial coefficient as a function of the weight fraction of PNIPAAm-peptide conjugate 
in the polymer mixtures. For both peptides A2 showed a clear decrease with increasing amount of conjugates. It 
can be noted that the FEFKFEFK-containing mixtures appeared to have lower values of A2. B) Second virial 
coefficient as a function of the number-average molecular weight of the polymers. Although all the 
macromolecules had a rather similar size, A2 showed variations of up two orders of magnitude without any 
clear pattern: the point on the right (PNIPAAm homopolymer) is reported only for comparison. 
 
Viscosity measurements were performed to confirm the tendency towards association of 
the conjugation products. A series of polymer/conjugate solutions with concentrations 
ranging from 0.5 to 2 wt.% were prepared in 1 mM PB and pure PNIPAAm (P0) was used as 
a reference. The dynamic viscosity of each solution was measured at 10°C. Plots of dynamic 
viscosity as a function of polymer/conjugate mixture and polymer concentration are given in 
Fig. 4.6.  
Fig. 4.6A and 4.6B illustrate that for each sample the viscosity increased with solute 
concentration as expected. PS1 and PA1 had the viscosities very similar to those of P0 in the 
concentration range studied due to the lowest conjugate content in each series. At each sample 
concentration the viscosity increased with increasing conjugate content in the mixtures: for 
PS1 and PS3 at concentration of 0.015 g ml-1 the viscosity increased from 3.4 to 12 mPa×s 
accordingly and for PA1 and PA3 at the same concentration only slight increase in viscosity 
was observed: from 2.5 to 3.3 mPa×s accordingly. The viscosity increase rate was higher for 
polymer/conjugate mixtures PS1-PS3 than for PA1-PA3 presumably due to higher conjugate 
content. When a polymer is dissolved in a solvent, its chains interact with the solvent 
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molecules. Solvent influences the size and shape of the objects dissolved, which in turn 
influence the viscosity of the solution [7]. The conjugation products behaved differently than 
pure PNIPAAm most probably due to the presence of peptide segment that had tendency to 
self-assemble in larger aggregates thus increasing the viscosity. No substantial effect of the 
peptide sequence on the viscosity was observed. 
 
Figure 4.6: Variation of dynamic viscosity with the concentration of the polymeric products in 1 mM PB at 
10ºC. In each series viscosity increased with increasing conjugate content in the mixtures. Polymer/conjugate 
mixtures with higher conjugate content PS1, P¨S2 and PS3 showed larger increase in viscosity than PA1, 
PA2 and PA3. 
 
Typically, viscometry measurements are performed to determine the intrinsic 
viscosity, [η] which depends not only on its molecular weight, but also on the balance of the 
interactions of the macromolecules with  the solvent and between themselves [7]. It can be 
determined by plotting the reduced viscosity (ηred = ηspec/c) versus concentration, c (Huggins 
plot) or an inherent viscosity (ηinh = (lnηrel)/c) versus c (Kraemer plot). Plots of reduced and 
inherent viscosities of PNIPAAm (P0), PS1-3 and PA1-3 in 1 mM PB at 10°C are presented 
in Fig. 4.7. Double extrapolation of the lines connecting the reduced and inherent viscosities 
at different concentrations to c = 0 according to Eq. 3.12 and Eq. 3.13 respectively should 
provide a common intercept with the y axis which is the value of [η]. The slopes of the 
Huggins plots and the Kraemer plots give the values of Huggins (kH) and Kraemer (kK) 
coefficients accordingly. These coefficients are shape-dependent factors that provide 
additional information on the interactions between the polymer and the solvent and give an 
indication of the polymer compactness and/or tendency to aggregate. In particular, for 
aggregating polymers the kH = 0.3 - 0.5 (from good to poor solvent) and kK > 0, while for 
polymers exhibiting negligible aggregation at low concentration kK < 0 and kH + kK ~ 0.5 [7-
10]. 
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The values of the intrinsic viscosities ([η]H, [η]K) and the coefficients (kH, kK), determined 
by the Huggins and Kraemer equations accordingly, are presented in Table 4.2 (right part). 
For PS3 and PA3 the calculations were performed disregarding the last points deviating from 
the straight line to give the approximate values of the intrinsic viscosities and the coefficients. 
Fig. 4.7 for P0 shows linear Huggins and Kraemer plots with similar intrinsic viscosities: [η]H 
= 0.606 dl g-1 and [η]K = 0.591 dl g
-1 accordingly, indicating typical polymer behaviour with    
kH + kK ~ 0.41 (Table 4.2, right part). PS1, PA1 and PA2 also show behaviour similar to that 
of P0 with similar [η]H and [η]K.  
 
 
Figure 4.7: Reduced and inherent viscosities for the different polymer/conjugate mixtures and for 
PNIPAAm (P0) as a function of their concentration in 1mM PB at 10°C  
 
The mixtures with low conjugate content, PA1 and PS1, maintained a certain similarity 
to the homopolymer, with the Kraemer and the Huggins plots still intersecting with slopes of 
opposite sign. However, kH assumed values close to 0.5, indicating 1 mM PB as a poor 
solvent, and the sum kH + kK increased above 0.5. The mixtures with higher conjugate content 
presented even stronger signs of deviation from the behaviour typical of a polymer solution, 
e.g. the inversion in the slope of the Kraemer plot, or kH ≥1. This demonstrated the 
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occurrence of aggregation phenomena in a fashion proportional to the weight fraction of the 
conjugate. 
In particular, kH. behaviour was studied As seen for the second virial coefficient, this 
parameter showed a clear dependence on the weight fraction of the conjugate in the mixture, 
and no pronounced dependence on the molecular weight (small variations in the molecular 
weight corresponding to large and random variations in kH) (Fig. 4.8). It is noteworthy that the 
kH dependence on the conjugate fraction did not highlight any significant difference between 
the two series of conjugates. In summary, SLS and viscometry measurements confirmed the 
tendency towards association of the conjugation products. 
The results presented above demonstrated that the conjugation strategy provided an 
easy route to various polymer/conjugate mixtures where the higher the CTA concentration, 
the higher the fraction of conjugate present within the mixtures. The characteristic properties 
of the polymer/conjugate mixtures will be discussed in the following section. The behaviour 
of the pure polymer-peptide conjugate PNIPAAm-FEFEFKFK will be discussed in 
Chapter 6. 
 
Figure 4.8: A) Huggins coefficient as a function of the weight fraction of PNIPAAm-peptide conjugate in 
the polymer mixtures. kH showed a clear (exponential) increase with increasing amount of conjugates. It can be 
noted that no significant difference was exhibited between FEFEFKFK- and FEFKFEFK -containing 
mixtures. B) Huggins coefficient as a function of the number average molecular weight of the polymers. 
Although all the macromolecules have rather similar size, kH showed variations of up two orders of magnitude 
without any clear pattern: the point on the right (PNIPAAm homopolymer) is reported only for comparison. 
 
4.3. Characterisation of the mixtures of polymer and 
polymer-peptide conjugate 
4.3.1. Gelation and thermal behaviour in water 
To explore whether the six polymer/conjugate mixtures obtained had different 
macroscopic behaviour, a range of samples (5 - 200 mg ml-1) were prepared by dissolving the 
Chapter 4                                                                                             Results and Discussion 
 
 
 
153 
desired quantities of material in 1 ml of deionised water, vortexing for 60 s and leaving to 
equilibrate at room temperature overnight. For each sample a transition from a free flowing 
liquid to a self-supporting hydrogel occurred at a concentration that depended on the 
polymer/conjugate ratio. The critical gelation concentration, C*, decreased with increasing 
amount of conjugate in the mixture, asymptotically approaching the values for the pure 
peptides: 140 < C* < 150, 40 < C* < 50 and 30 < C* < 35 mg ml-1 for PS1, PS2 and PS3 
respectively and 180<C*<190, 140<C*<150 and 65<C*<75 mg ml-1 for PA1, PA2 and PA3 
respectively. C* for pure FEFEFKFK and FEFKFEFK peptides was found to be ~ 17 and 
10 mg ml-1 respectively. Fig. 4.9 shows the variation of (C*) with the conjugate weight fraction. 
 
Figure 4.9: Critical gelation concentration (measured with the tilt test on formulations in test tubes) as 
a function of the weight fraction of PNIPAAm-peptide conjugate in the polymer mixtures 
 
No significant difference could be recorded between the conjugates of the two peptides. 
The second virial coefficient data (Fig.4.5A) suggested slightly higher tendency of PAs to 
aggregation; however, these data were affected by relatively large errors, mostly due to their 
extrapolation from rather noisy Zimm plots. Additionally, both C* and kH appeared to 
demonstrate that, if differences in aggregation and gelling behaviour between the conjugates 
of the two peptides existed, they were rather minor and did not significantly affect the flow 
properties of the materials. 
The amount of peptide in the mixtures at C* was calculated using the calibration curve 
in Fig. 4.3 and the results showed that the peptide content in the polymer/conjugate mixtures 
at their C* was very small (Table 4.3). 
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Table 4.3: Peptide content in the polymer/conjugate mixtures at their C* 
Sample C* (mg ml-1) Peptide content (mg) 
PS1 150 2.1 
PS2 50 2.7 
PS3 35 4.0 
PA1 190 2.7 
PA2 150 3.3 
PA3 75 4.2 
 
These results suggested that conjugated polymer modified the gelation behaviour of 
the peptides and it was postulated, therefore, that the peptide was able to self-assemble even if 
being attached to a large macromolecular chain. According to Table 4.3 the mixtures 
contained a small fraction of the conjugated peptide and a considerably high amount of pure 
polymer. Therefore it has been suggested that the free polymer might also influence the 
overall behaviour of the mixtures by creating the aggregates or additional entanglements with 
polymer segments in the conjugates and thus shifting the peptide gelation points to lower 
concentrations. 
It is interesting to mention that the pH of the polymer/conjugate hydrogels was ~ 5.5. 
Usually the pH of the gels of pure peptides is ~ 2.3 due to the residual trifluoracetic acid 
(TFA) left after the peptide synthesis. TFA is a strong acid and forms salt-like complexes with 
lysine residues in the peptide. Since the polymer/conjugate mixtures were purified by dialysis, 
it was possible to eliminate some residual TFA and to increase the pH. 
Concentrated solutions and gels of flexible polymers are characterised by entanglement 
points where polymer strands cross and loop around each other [11]. The elastic response of a 
network results from the tension in such chain segments as a function of the extension. Both 
the entanglement length and the mesh size (average spacing between chains or the size of 
voids between filaments) typically decrease with increasing concentration of polymeric or 
fibrillar chains [12]. FEFEFKFK and FEFKFEFK peptides were reported to form a network 
of anti-parallel β-sheet fibres at considerably low concentrations [13]. The stiffness of the 
fibres influences the visco-elastic behaviour of the gel. To confirm that the polymer/conjugate 
mixtures formed hydrogels, the mechanical properties of each of the samples over a range of 
concentrations slightly above the C* were probed using oscillatory rheology where the sample 
was placed between parallel plates with the top plate of 20 mm in diameter. 
The initial strain amplitude sweeps were performed when the hydrogels were exposed to 
an increasing stress at a constant frequency of 6.28 rad s-1. Typical examples of the variation of 
elastic (G') and viscous (G'') moduli as a function of shear strain are presented in Fig. 4.10 for 
3 different concentrations of the polymer/conjugate mixtures PS3 (A) and PA3 (B). 
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Figure 4.10: Strain amplitude sweeps at angular frequency of 1 rad s-1 of: A) PS3 and B) PA3 
 at different concentrations at 20°C. G' greater than G'' was observed for all samples indicating gel formation.  
Linear visco-elastic region was found to be at strain amplitudes lower than 0.1, above this value the breakdown 
of the gels was observed. Moduli increased with increasing sample concentration. C) Variation of yield strain 
with polymer/conjugate mixture concentration. 
 
Hydrogels are visco-elastic materials that combine properties of the elastic solid and the 
viscous fluid. Typically, when the sample is liquid-like, G' < G''. When the sample starts to 
behave more like the elastic solid, the behaviour changes and G' becomes higher than G'' [14, 
15]. Fig. 4.10 shows that the elastic behaviour of the hydrogels dominated the viscous 
behaviour as elastic moduli (G') values were higher than viscous moduli (G'') values indicating 
the formation of a gel for all 3 concentrations for PS3 and PA3. The elastic response of the 
gels as measured by G' decreased rapidly above a concentration-dependent critical strain 
amplitude indicating a breakdown in the gels. Fig. 4.10C shows the variation of yield strain 
with polymer/conjugate mixture concentration. Yield strain (γ∗) shows the maximum strain 
which is necessary to break a sample in gel state and to make it flow. Below yield strain 
G' > G'' (elastic behaviour dominates) and above the value of yield strain G'' > G' (liquid 
behaviour dominates). In each series yield strain slightly increased with increasing 
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polymer/conjugate mixture concentration. PS3 series showed higher yield strain values 
(γ∗~0.25-0.3) than PA3 series (γ∗~0.15) presumably due to higher conjugate content. Fig. 4.10 
also shows that moduli values increased with increasing polymer/conjugate mixture concentration. For 
example, G' of PS3 increased from 30 to 110 Pa when the sample concentration increased from 40 to 
80 mg ml-1. For PA3 the G' increase was smaller, from 20 to 50 Pa, when the sample concentration 
increased from 80 to 100 mg ml-1. The same strain amplitude sweeps were performed for other 
mixtures in the series (PS1, PS2, PA1 and PA2). The results showed that for all samples G' > G'' in the 
concentration range studied and that the gels were stable at strain amplitudes γ < 0.1. 
The oscillation frequency sweeps were performed in the LVR at 1% strain by exposing 
all samples to a gradual increase in angular frequency from 6.28 to 62.8 rad s-1 and by varying 
the deformation in a sinusoidal fashion. The frequency sweep experiments were performed to 
reveal the strength of the gel networks. Evolution of G' and G'' with frequency was studied 
over a range of concentrations for each polymer/conjugate mixture in both series. Fig. 4.11 
compares the frequency sweeps of the gels of PS3 at 40, 60 and 80 mg ml-1 and of PA3 at 80, 
90 and 100 mg ml-1.  
 
 
Figure 4.11: Variation of G' and G'' as a function of angular frequency of:  
A) PS3 and B) PA3 at different concentrations. G' > G''was observed for all samples. Moduli were 
practically independent of the frequency over the range studied. Moduli increased with increasing sample 
concentration indicating the increase in gel strength. Variation of tan δ as a function of angular frequency of: C) 
PS3 and D) PA3 at different concentrations. 
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For each concentration G' was found to be larger than G'', indicative of an elastic rather 
than viscous material. Both G' and G'' were practically independent of frequency over the 
range 6.28-62.8 rad s-1, which indicated the dominant visco-elastic relaxations of the network 
were at lower frequencies. Such rheological behaviour matched the characteristic signature of 
a solid-like gels composed of long entangled fibres [16-18]. G' and G'' increased with 
increasing the concentration of PS3 and PA3. The long relaxation time of the polymer 
network was also consistent with the observation that polymer/conjugate mixture gels were 
resistant to flow, following sample inversion. Microstructure of the samples will be discussed 
later in section 4.3.3. Frequency sweeps of other samples (PS1, PS2, PA1 and PA2) showed 
similar mechanical behaviour. G' and G'' were practically independent of frequency over the 
range from 1 to 10 rad s-1 and G' was always higher than G'' for the samples above their C*. 
However, G' values never exceeded the value of 100 Pa in the concentration range from 40 to 
200 mg ml-1. 
Fig. 4.11C and D show the variation of tan δ with angular frequency. The results 
showed that the systems studied satisfy the Winter-Chambon criterion for the formation of a 
gel: tan δ = G''(ω)/G'(ω) ≤ 1. Tan δ is also independent of frequency in the linear visco-elastic 
region from 6.3 to 30 rad s-1 (Fig. 4.11C) confirming the gel state of the samples [19, 20]. As 
the samples approach higher frequencies they start to show strong dependency on the radial 
frequency presumably due to viscous behaviour becoming predominant and consequently 
tan δ decreases sharply. 
Table 4.4 presents the G' values of gels composed of β-sheet fibres. The peptide 
structure as well as its concentration has a strong effect on the self-assembling behaviour and 
on the visco-elastic properties of the gel. The G' values obtained for PNIPAAm-rich gels 
(~100 Pa) were of the same order of magnitude as the modulus reported in the literature for 
other similar β-sheet fibres rich peptide hydrogels [17, 21]. 
Table 4.4: Different β-sheet fibre forming peptides and G' values of their gels 
Entry Peptide G' (Pa) Concentration 
(mg ml-1) 
Ref. 
1 EAK-IIa 10 1 [17] 
2 Poly-EAK-IIb 100 1 [17] 
3 Nap-FFGEYc 40 3 [22] 
4 MAX1d 230 7 [23] 
5 SSP2e 520 20 [24] 
6 SSP3f 2800 20 [24] 
7 Fmoc-FFg 21.2×103 11.8×103 [25] 
a (AEAEAKAK)2 (16 amino acid residues); b 168 amino acid residues; c Nap – naphthalene,  
F – phenylalanine, G – glycine, E – glutamic acid, Y – tyrosine; d [(VK)4-VDPPT-(KV)4-NH2],  
V – valine, K – lysine, P – proline, T - threonine; e [(VK)3-VDPPT-(KV)5-NH2];  
f [(VK)3-VDPPT-(KV)3-NH2]; g Fmoc – fluorenyl-9-methyloxycarbonyl, F - phenylalanine 
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MacKintosh et al. developed a theoretical framework for systems composed of semi-
flexible fibrils based on chemically cross-linked F-actin fibrils [12]. The authors predicted that 
G' would vary with actin concentration as C11/5 for entangled solution of linear semi-flexible 
biopolymer, when the persistence length was substantially larger than the mesh size. A slightly 
higher scaling factor of G' ~ C5/2 was predicted for a densely cross-linked gel where the 
segment length approximated the mesh size [12]. Hinner et al. [26] predicted that G' ~ C7/5 for 
a physically entangled network of linear semi-flexible fibres of actin. 
One other theory relating the variation of the elastic modulus to polymer concentration 
has been developed for fibrillar gels by Jones and Marquès [27] and has been successfully 
applied by Guenet et al. to a number of thermo-reversible physical gels [28, 29]. According to 
Jones and Marquès, agarose gels that consisted of nearly straight fibrils (intrinsically rigid 
objects) exhibited G' ~ C 2 for systems at low-concentrations and G'~ C 1.5 for higher 
concentrations [30]. In the case of poly(vinylchloride) gels that possessed a well-defined 
fibrillar morphology, G' varied as C 3.0 [28]. Fibrillar gels of isotactic polystyrene showed an 
exponent of 2.7 [31].  
The theories presented above can be used for an approximate comparison of 
PNIPAAm-rich gels created in this study with other physically cross-linked networks. The 
scaling factors for the polymer/conjugate hydrogels were determined by plotting G' plateau 
values, measured at 1% strain as a function of peptide concentration in the mixtures in the 
logarithmic scale. The peptide content in the polymer/conjugate mixtures was recalculated 
using the calibration curve presented in Fig. 4.3. The values of scaling factors are presented in 
Fig. 4.12 and would possibly provide further structural information on the gel network. For 
comparison purposes the scaling factors of pure FEFEFKFK and FEFKFEFK gels are also 
included. The pH of FEFEFKFK and FEFKFEFK gels was adjusted to 5.5 by adding NaOH 
solution. 
Fig. 4.12 shows that G' varied linearly with concentration for both polymer-conjugate 
systems and pure peptides. As Fig. 4.12A indicates FEFEFKFK showed a C0.8 behaviour 
which is close to the physical network of actin fibres. As Table 4.2 showed the conjugate 
content in the polymer/conjugate mixture PS3 was the highest, hence it had the closest scaling 
factor of 2.6 to that of pure FEFEFKFK, however considerably larger. The scaling factors 
increased with decreasing conjugate content in the polymer/conjugate mixtures: PS2 and PS1 
possessed higher scaling factors of 4.0 and 9.8 respectively.  
Fig. 4.12B shows the variation of G' as a function of FEFKFEFK also extracted from 
the calibration curve in Fig. 4.3. Pure FEFKFEFK had the scaling factor of 1.1 which was 
close to that of FEFEFKFK at pH 5.5 and to the scaling factor predicted for physical actin 
Chapter 4                                                                                             Results and Discussion 
 
 
 
159 
gels. PA1, PA2 and PA3 had rather similar and high scaling factors of 6.2, 6.7 and 5.3 
presumably due to high polymer content in the polymer/conjugate mixtures. 
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Figure 4.12: Plateau values of G' as a function of concentration of:  
A) PS1, PS2, PS3 and FEFEFKFK; B) PA1, PA2, PA3 and FEFKFEFK at pH 5.5 
 
It has been observed by several researchers that G' values of physically cross-linked 
networks of gelatin and agarose showed typical to biopolymers C2 dependence at high 
concentrations. At low concentrations much higher scaling factors were observed. In the case 
of agarose, it was suggested that at higher concentrations higher exponents were due to the 
Chapter 4                                                                                             Results and Discussion 
 
 
 
160 
shorter and stiffer segments of single agarose chains [32]. These results showed higher scaling 
factor values for polymer/conjugate hydrogels presumably due to considerably high free 
polymer content in the samples.  
It may be postulated that free polymer may interact with the peptide fibres and/or with 
the polymer segments present along peptide fibres thus contributing to the fibre stiffening, 
creating additional entanglements or physical cross-links and increasing gel stiffness. 
In summary, rheological measurements confirmed the formation of self-supporting 
hydrogels above the C*, since G' was higher than G''. The G' values for both 
polymer/conjugate mixture series were ≤ 100 Pa in the concentration range from 40 to 
200 mg ml-1. The results also suggested that not only peptide contributed to overall gel 
properties but also unconjugated polymer chains. The plots of scaling factors showed that the 
hydrogel visco-elastic properties increased not only with increasing conjugate content but also 
with increasing polymer content in the mixtures. The elastic, G' modulus scaling factors of the 
physically cross-linked hydrogels studied here do not correlate within the framework of the 
most widely accepted scaling factor theories for physically cross-linked gels. Further studies 
and theoretical concepts are suggested to describe complex PNIPAAm-rich networks. 
 
4.3.2. Thermal behaviour 
The thermal behaviour of the polymer/conjugate mixtures was studied to explore a 
reversible LCST, and possible melting and re-gelation in response to temperature. First, the 
macroscopic thermal behaviour of the polymer/conjugate mixtures was recorded visually at 
10°C intervals during a heating/cooling cycle from 25-80ºC by placing the samples in a 
temperature controlled water bath and equilibrating for 15 min. Representative photographs 
of behaviour at 25, 40 and 80ºC are given in Fig. 4.13A for PS1, PS2 and PS3 at their C* of: 
150, 50 and 35 mg ml-1 respectively; and in Fig. 4.13B for PA1, PA2 and PA3 at their C* of: 
190, 150 and 75 mg ml-1 respectively. At 25ºC the formation of clear gel was observed. No 
change was noted until 40ºC when the gel turned opaque, presumably due to the collapse of 
PNIPAAm polymer chains, indicating the polymer had gone through its LCST. The samples 
remained self-supporting and the transition was thermally reversible if the samples were 
subsequently cooled at this stage, indicating both the conjugate and free polymer remained 
trapped within the hydrogel structure. When the gel samples were heated to 80°C, they 
appeared to shrink while expelling water. Such behaviour is typical of PNIPAAm solutions 
and has previously been related to the aggregation of the collapsed PNIPAAm chains [33, 34]. 
Upon cooling, the water was reabsorbed and the polymer redissolved to once again form clear 
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hydrogels. No significant difference in the macroscopic behaviour was observed between the 
two samples series. 
           
 
Figure 4.13: Photographs showing phase behaviour of the polymer/conjugate mixtures at their critical 
gelation concentrations: A) 1-PS1: 150 mg ml-1, 2-PS2: 50 mg ml-1, 3-PS3: 35 mg ml-1 and B) 4-PA1: 
190 mg ml-1, 5-PA2: 150 mg ml-1, 6-PA3: 75 mg ml-1 at 25ºC, 40ºC and 80ºC. At 25°C self-supporting 
gels were formed. At 40°C gels became opaque due to the phase separation of PNIPAAm. At 80°C gel 
networks shrank releasing bound water. Upon cooling the transitions were reversible and collapsed polymer 
chains re-swelled absorbing water. 
 
To quantify the LCST and phase separation enthalpy values of these materials, the 
thermal behaviour of each sample was monitored using micro DSC between 20 and 80ºC at a 
heating rate of 1 °C min-1 over a range of sample concentrations. Typical results for the initial 
heating scans for PS3 over a range of concentrations are given in Fig. 4.14A. Pure PNIPAAm 
was used as a reference. The onset points of the endothermic peaks, determined by the 
intersection of tangent lines from the baseline and slope of the endothermic peak, were used 
to determine the LCST. 
A sharp endothermic transition at ~30°C for all samples was observed that was 
attributed to the LCST of PNIPAAm. This agreed well with visual observations. The enthalpy 
associated with this transition increased with increasing polymer concentration in the 
mixtures, as expected, while the temperature of transition remained constant (Fig. 4.14A). The 
latter indicated that the inclusion of the hydrophobic peptide and also sample gelation (C* of 
PS3 is between 30 and 35 mg ml-1) did not affect the LCST. Fig. 4.14B shows the reversibility 
of the phase separation upon cooling. All samples showed an exothermic peak of PNIPAAm. 
Fig. 4.15A and 4.15B compare the values of the LCST and enthalpies of the phase separation 
for both series of polymer/conjugate mixtures as a function of polymer concentration. The 
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polymer content in the mixtures was calculated using the calibration curve in Fig. 4.3. The 
results showed that the LCSTs remained practically constant ~30°C for all samples indicating 
that peptide conjugation to PNIPAAm did not affect the LCST and suggesting that the 
samples in each series contained polymer of similar wM . The figures also showed that the 
enthalpy of the LCST transition varied linearly with polymer content in the 
polymer/conjugate mixtures indicating that the more polymer was present, the more intensive 
the signal and the more sharp the transition would be. 
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Figure 4.14: Micro DSC thermographs of PS3 over a range of concentrations in comparison to pure 
PNIPAAm during: A) heating from 20 to 80°C and B) cooling from 80 to 20°C. 
During heating an endothermic peak at ~ 30°C characteristic to the LCST of PNIPAAm was observed.  
Upon cooling the LCST transition was reversible. 
 
The results showed that ∆H increased with increasing conjugate content in the mixtures. 
It is clear from Fig. 4.15 that the slope of the linear dependence of ∆H versus polymer 
concentration increased with the increase of conjugate content in the polymer/conjugate 
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mixtures. The slope for PNIPAAm and PS3 changed from 0.045 to 0.062 respectively 
(Fig. 4.15A). The slope corresponds to the ∆H (J per g of polymer solution) of the transition. 
Micro DSC detects the disruption of the hydrogen bonds among the amide groups of 
PNIPAAm and water molecules during the transition. Higher ∆H values for the 
polymer/conjugate mixtures indicated that the amount of hydrogen bonds to be disrupted 
was higher than that for pure PNIPAAm. Lysine (K) and glutamic acid (E) residues are 
capable of forming hydrogen bonds with water molecules. It can be assumed that the peptides 
can form intermolecular hydrogen bonds with polymer and/or among the peptide fibres 
below the LCST. At elevated temperatures the hydrogen bonds break resulting in slightly 
higher enthalpy values. This trend was also present but less pronounced in the PA1-PA3 
mixture series (Fig. 4.15B). The slopes of PA1, PA2 and PA3 were not substantially different 
from that of PNIPAAm: 0.045 and 0.053 for PNIPAAm and PA3 respectively, possibly due 
to low conjugate content in the mixtures. 
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Figure 4.15: Plots of the LCST transitions (upper) and enthalpies of phase separation (lower)  
as a function of PNIPAAm (P0) concentration and of polymer concentration in:  
A) PS1, PS2, PS3 and B) PA1, PA2, PA3 
 
Oscillatory rheology also allowed the mechanical behaviour of the polymer/conjugate 
gels to be studied as a function of temperature. Two polymer/conjugate mixtures were chosen 
for the study, i.e. PS3 and PA3, as they possessed the lowest C* in their series. The variation 
of G' and G'' at various concentrations was recorded in the temperature range from 20 to 
45°C. Fig. 4.16A shows the variation of G' for PS3 during heating and cooling. The figure 
Chapter 4                                                                                             Results and Discussion 
 
 
 
164 
shows that G' remained practically constant and G'' decreased slightly in the temperature 
range from 20 to 28°C. At ~ 30°C both moduli started sharply to increase presumably due to 
the phase separation of PNIPAAm when polymer chains collapsed and started to aggregate 
resulting in higher moduli. At ~ 35°C both moduli reached the maximum (G' ~ 680 Pa and 
G'' ~ 200 Pa) and started to decrease during further heating possibly due to further 
aggregation of collapsed polymers and water expulsion. This agreed with macroscopic phase 
separation when at high temperatures the polymer shrank while expelling water. Interestingly, 
upon cooling the thermal transition was reversible for both moduli, however a considerable 
hysteresis was observed in mechanical behaviour resulting in lower moduli values (G' ~ 30 Pa) 
than in the beginning of the experiment (G' ~ 100 Pa). Polymer aggregation above the LCST 
and re-solubilisation below the LCST may be a kinetically controlled process. This assumption 
indicated when the heating step was finished the system was still aggregating and expelling 
water and therefore the mechanical properties were weakening during cooling.  
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Figure 4.16: A) Variation of G' and G'' of PS3 at 60 mg ml-1during heating from 20 to 45°C and 
cooling from 45 to 20°C. B) Variation of G' of PS3 at different concentrations during heating from 20 to 
45°C. C) Variation of tan δ of PS3 at 60 mg ml-1 with temperature. 
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The observation that both moduli practically mirrored each other during heating and 
cooling may be explained by the presence of conjugated and free polymer chains (Fig. 4.16C). 
The conjugated polymer chains collapse along the peptide fibres resulting in a stiffening of the 
network and therefore an increase in G'. The free polymer chains will also collapse and in this 
state will behave as particulate fillers instead of long entangled polymer chains. Consequently 
the viscosity of the free polymer and water phase will decrease resulting in an increase in G'. 
The results also showed that the samples studied satisfy the Winter-Chambon criterion for the 
formation of a gel: tan δ = G''(ω)/G'(ω) ≤ 1 indicating that the samples are in gel state [19, 
20]. 
Fig. 4.16B shows the variation of G' for PS3 at 4 different concentrations as a function 
of temperature. In the temperature range from 20 to 28°C G' remained practically constant for 
all concentrations. At ~30°C G' started to increase considerably presumably due to the coil-to-
globule transition of the polymer. The temperatures at which the phase separation occurred, at 
~ 30°C, were in a good agreement with the LCST values from micro DSC studies. In the 
temperature range from 31 to 36°C G' continued to increase. Further heating resulted in slight 
decrease in G' due to the same reasons as explained above. The sample of 20 mg ml-1 showed 
a faster decrease in G' than the other 3 concentrations. This might be attributed to the fact 
that the sample of 20 mg ml-1 was a viscous liquid at room temperature and that the 
aggregation of the collapsed polymer chains was slightly faster than in the samples in gel state. 
It was assumed that dense peptide fibrillar network formed at higher PS3 concentrations 
(30<C*<35 ) provided a stabilisation of the system and to some extent restricted or retarded 
the aggregation of the collapsed polymer chains. The hydrogels of PA3 (80 and 90 mg ml-1) 
showed similar behaviour (data not shown) that G' increased from ~ 20 to 170 Pa during 
heating from 20 to 45°C presumably due to the collapse of the polymer. Such a substantial 
increase in G' values upon heating was found to be characteristic to other PNIPAAm-
containing systems [19, 35-37].  
 
4.3.3. Gel morphology and microstructure 
TEM and AFM techniques were used to investigate the microstructure of the 
polymer/conjugate gels. Examples of typical TEM and AFM images for PS3, PA3 and pure 
FEFEFKFK are presented in Fig. 4.17 and 4.18 respectively. Both techniques showed that the 
structure observed consisted of a network of uniform, entangled fibres.  
Fibre width for PS3 and PA3, estimated from TEM micrographs, was 5.5 ± 2 nm and 
6 ± 1.5 nm respectively (Fig. 4.17A and B). PS2 and PA2 formed fibres of similar size. 
Polymer/conjugate mixtures with low conjugate content, PS1 and PA1, formed slightly larger 
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fibres of 7.5 ± 2 nm. Polymer content in the PS1 and PA1 samples was high and it might 
accumulate along the fibres allowing heavy metal ions, used for sample negative staining, to be 
deposited along the fibres. Therefore the fibres appear to look thicker and this may lead to the 
artefact and overestimation of fibre dimensions. Pure peptide formed 3.4 ± 2 nm wide fibres 
of similar appearance (Fig. 4.17C).  
 
 
Figure 4.17: Typical TEM images of: A) PS3 and B) PA3 at concentration of 10 mg ml-1,  
C) FEFEFKFK at concentration of 1 mg ml-1. TEM showed network of entangled fibres. 
 
AFM results showed that PS3 formed long 4 ± 1 nm wide and 0.7 ± 0.3 nm high fibres 
(Fig. 4.18A). Some shorter fibres of similar size were also present. The formation of short 
fibres as observed in Fig. 4.18A might occur due to low conjugate concentration (5 mg ml-1) 
which was not enough for long fibre formation. Also shorter fibres might be more easily 
adsorbed on the mica surface than longer fibres. Longer fibres could also be easily removed 
during sample washing with water that was necessary for sample preparation. Fig. 4.18A 
shows light dots of 4.2 ± 1.5 nm in diameter and 0.8 ± 0.2 nm in height in the background of 
the AFM image and of 6.3 ± 1 nm in diameter and 2 ± 0.2 nm in height on the fibres. The 
height of the dots situated on the fibres was slightly overestimated due to the additional height 
of the fibre itself. These dots were attributed to the free polymer, or to small, fibrous subunits 
that did not incorporate into the fibre. The AFM image of the free polymer showed only the 
presence of similar light dots in the background (Fig. 4.18C). The AFM measurements on 
PA3 (Fig. 4.18B) showed slightly thicker fibres of 6.5 ± 2 nm in diameter and 1.3 ± 0.4 nm in 
height. Fig. 4.18B also shows 7.2 ± 1.5 nm wide and 2 ± 0.5 nm high light dots in the 
background of the image. It was worth mentioning that the fibre diameter was highly variable 
along the fibres. PS2 sample showed 4.9 ± 1 nm wide and 1.1 ± 0.4 nm high fibres and PA2 
showed 4.9 ± 1 nm 0.9 ± 0.5 nm high fibres. The AFM measurements on PS1 and PA1 
samples did not detect the fibres possibly due to low conjugate content that was not sufficient 
to form fibres for AFM measurements. Also the preformed fibres might be washed during 
sample preparation.  
B C A 
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The AFM image of the free peptide showed only a fibrous network where fibres were 
4.6 ± 1.7 nm wide and 0.9 ± 0.4 nm high (Fig. 4.18D). It is well documented that 
phenylalanine based peptides, i.e. FEFEFKFK and FEFKFEFK, were found to form gels 
composed of 4 nm wide β-sheet fibres [13]. The results obtained by both microscopic 
techniques as presented above correlated well with the fibre width obtained by Saiani et al. 
This supports the early assumption about the polymer-peptide conjugates able to self-
assemble into β-sheet fibres. 
 
                  
 
Figure 4.18: Typical AFM images of: A) PS3 at concentration of 5 mg ml-1, B) PA3 at concentration of   
10 mg ml-1, C) PNIPAAm at concentration of 5 mg ml-1 and D) FEFEFKFK at concentration of  
2 mg ml-1. Each image scan size is 2 µm2. AFM also proved the formation of fibrillar network similar to that 
of pure peptide. Some light dots of polymer chains are highlighted in circles. 
 
4.4. Summary 
Thermo-responsive, physical hydrogels of PNIPAAm were obtained by incorporating 
small quantities of polymer-peptide bioconjugate where the peptide self-assembled into 
elongated fibres that associated and entangled creating a gel network. Two series of such 
systems were prepared easily by using a thiol-modified FEFEFKFK and FEFKFEFK 
peptides as the chain-transfer agents in the free radical polymerisation of NIPAAm. The 
conjugation products were characterised by 1H NMR. For analytical purposes the polymer was 
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separated from the conjugate to determine the polymer/conjugate weight ratio in each 
mixture. The results from both techniques showed that varying the quantity of                   
SH-FEFEFKFK and SH-FEFKFEFK added offered control over the composition of the 
polymer/conjugate mixtures; the higher the peptide concentration, the higher the fraction of 
conjugate present in the mixtures. A series of mixture containing PNIPAAm-FEFEFKFK 
(PS1, PS2, PS3) showed higher conjugate content than the mixtures with PNIPAAm-
FEFKFEFK (PA1, PA2, PA3). The combination of 1H NMR and centrifugation allowed the 
nM  of the conjugates in the mixtures to be calculated and in each series the nM  values 
slightly decreased with increasing chain-transfer agent concentration. The nM  values from 
GPC, which were mostly attributed to the unconjugated polymer, were higher than those 
obtained from 1H NMR and centrifugation for the conjugates. SLS and viscometry 
measurements showed the aggregation of the polymer/conjugate mixtures presumably due to 
the peptide presence and did not show substantial difference between the two series 
The polymer/conjugate mixtures formed self-supporting hydrogels when above a critical 
gelation concentration which decreased with increasing conjugate concentration. 
Polymer/conjugate mixtures PS1, PS2, PS3 showed lower critical gelation concentrations 
(150, 50 and 35 mg ml-1 respectively) than PA1, PA2, PA3 (190, 150 and 75 mg ml-1 
respectively). This difference in gelation behaviour was not ascribed to the differences in the 
peptide sequences but to the amount of the conjugate in the mixtures: conjugate content in 
the PS1-PS3 mixtures was higher than in the PA1-PA3. The elastic moduli of such hydrogels 
varied from ~ 10 Pa to 400 Pa depending on the sample and were found to be proportional to 
the quantity of the peptide present, as expected. The scalling exponents increased with 
decreasing peptide concentration and increasing free polymer concentration. The latter 
suggested that there were interactions between the free polymer and the peptide, and/or fibre, 
which were contributing to network formation. TEM and AFM studies proved the formation 
of the network composed of β-sheet fibres of ~ 4.5 ± 1.5 nm in diameter. 
 
As the polymer/conjugate mixtures were heated, PNIPAAm exhibited an LCST 
transition ~ 30°C whose temperature was not influenced by the conjugate present, nor by the 
gelled state of the sample. All transitions were fully thermally reversible. In each series the 
mixtures with higher polymer-peptide conjugate content showed higher phase separation 
heats than pure PNIPAAm presumably due to additional intermolecular interactions between 
fibres and polymer chains. During the phase transition the mechanical properties of the 
hydrogel were enhanced, presumably due to the hydrophobic polymer chains collapsing and 
enhancing fibre-fibre interactions. Further heating led to the collapse of the gel network. Both 
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series showed very similar thermal, mechanical and morphological properties. By exploiting 
the self-assembly of the ionic-complementary peptides, it was possible to create PNIPAAm-
rich, thermo-responsive hydrogels with controllable properties. 
Fig. 4.19 gives a schematic representation of the behaviour of free polymer and 
polymer-peptide conjugate mixtures. In the scheme polymer chains are presented in red and 
peptide segments in the conjugates as arrows (Fig. 4.19A). In this case polymer concentration 
is much higher than peptide concentration. In water the peptide segments self-assemble into 
fibres (Fig. 4.19B, C), free polymer chains float around the fibres and PNIPAAm-rich gel is 
formed. Above the LCST phase separation occurs and conjugated polymer segments collapse 
onto the fibres whereas free polymer chains collapse and aggregate around the fibres 
(Fig. 4.19D). Upon cooling the phase separation is reversible and polymer chains re-swell. 
 
 
Figure 4.19: Schematic representation of the polymer/conjugate gel. A) Polymer and polymer-peptide 
conjugate are dissolved in water. B, C) Self-assembly of the conjugates and fibre formation. Free polymers float 
around the fibrillar network. D) Phase separation due to the collapse of PNIPAAm above the LCST. 
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5.1. Introduction 
One strategy to obtain thermo-responsive gels is to create a chemically cross-linked 
network where the main polymer or co-monomer exhibits thermo-responsive behaviour. 
Another strategy consists of introducing thermo-responsive micelles, nanoparticles into non-
responsive gel matrix or into already thermo-responsive gel to accentuate its thermo-
responsiveness and to improve gel network swelling/shrinking and gel mechanical properties. 
Nguyen et al. [1] developed thermo-responsive composite gel by incorporating PNIPAAm 
nanoparticles into PEG matrix and the results showed that these gels were able to release 
bovine serum albumin (BSA) above the LCST. Later the same group prepared thermo-
responsive hydrogel, in which poly(N-isopropylacrylamide-co-acrylamide) (PNIPAAm-AAm) 
nanoparticles, preloaded with drug, were incorporated into a photocrosslinkable poly(ethylene 
glycol) diacrylate (PEGDA) matrix [2]. Above the LCST the drug release occured due to the 
collapse of PNIPAAm. In one other study poly(N-isopropylacrylamide)/poly(ethylene glycol) 
diacrylate (PNIPAAm/PEG-DA) microgels were incorporated into PNIPAAm hydrogels. 
This additive improved gel swelling/shrinking ratios and thermal behaviour [3]. Zhang et al. [4] 
reported composite gels, containing poly(N-isopropylacrylamide)-b-poly(methyl methacrylate) 
(PNIPAAm-b-PMMA) micelles embedded in PNIPAAm hydrogel. Gels showed faster 
shrinking and slower swelling rates with increasing micelles content. When drug loaded 
micelles were used, drug release occurred in more controlled fashion in comparison to pure 
PNIPAAm gel. 
Chapter 4 presented an easy way to prepare PNIPAAm polymers with various degrees 
of functionalisation with the self-assembling peptides FEFEFKFK and FEFKFEFK. These 
polymer/conjugate mixtures showed interesting phase behaviour and gelation properties, 
however the critical gelation concentrations were considerably high, which is not financially 
viable for any drug delivery or tissue engineering applications. The aim of Chapter 5 is to 
design peptide-rich thermo-responsive composite gels by incorporating the 
polymer/conjugate mixtures PS3 and PA3 described in Chapter 4 into a peptide gel: either 
FEFEFKFK or FEFKFEFK at different ratios. In these gels peptide concentration is greater 
than polymer (free and conjugated) concentration. It has been anticipated that the peptide 
segment will self-assemble into fibres, while the polymer, both conjugated and free, will confer 
the thermo-responsive behaviour to the gel. The effect of PS3 and PA3 on gelling, mechanical 
and thermal properties of the materials will be investigated. 
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5.2. Thermal behaviour of the peptide-rich gels 
A range of physical mixtures were prepared by varying the quantities of peptide and 
polymer/conjugate mixtures in each sample (Table 5.1). Further in the text the sample names 
are reduced to the following abbreviations: 20-10, 15-10, 10-10, 10-15 and 10-20 where the 1st 
number represents peptide concentration in mg ml-1 and the 2nd one represents 
polymer/conjugate mixture concentration in mg ml-1. The phase behaviour of these physical 
mixtures at 20, 40 and 80ºC was monitored visually using the standard tilt test tube method. 
Fig. 5.1A shows the mixtures of FEFEFKFK and PS3 at different weight ratios. Self-
supporting transparent gels were formed for all samples at 20ºC suggesting the peptide 
component had self-assembled, as expected, into β-sheet rich fibrils that self-associated when 
above a critical gelation concentration, C*. C* for the pure FEFEFKFK and FEFKFEFK was 
typically ~17 and ~10 mg ml-1. 
 
Table 5.1: Peptide weight fractions (Wpept.) in the conjugates PS3 and PA3 used for the preparation of the 
peptide-rich gels and conjugate weight fractions (Wconj.) in the peptide-rich gels studied 
 
Sample 
FEFEFKFK/PS3 FEFKFEFK/PA3 
Wpept. in 
conjugate 
Wconj. in 
mixture 
Wpept. in 
conjugate 
Wconj. in 
mixture 
20-10 0.115 0.074 0.055 0.057 
15-10 0.115 0.089 0.055 0.069 
10-10 0.115 0.111 0.055 0.086 
10-15 0.115 0.133 0.055 0.104 
10-20 0.115 0.148 0.055 0.115 
 
As the samples were heated to 40°C, the gels became opaque presumably due to the 
PNIPAAm polymer chains collapsing as they went through their LCST. The samples 
remained self-supporting and the transition was thermally reversible if the samples were 
subsequently cooled at this stage, indicating the conjugate remained trapped within the 
hydrogel structure. As the samples were heated to 80°C, the gel samples with high 
polymer/conjugate mixture content appeared to shrink while expelling water (Fig. 5.1A 
samples Nr. 4 and 5). Such behaviour was typical of PNIPAAm solutions and have previously 
been related to the aggregation of the collapsed PNIPAAm chains [5, 6]. The samples did not 
shrink as dramatically as in Fig. 4.13 (Chapter 4) presumably due to the fibrillar network that 
appeared to hold the systems from shrinkage. The samples Nr. 1, 2 and 3 showed stable 
opaque gels with slight water expulsion probably due to high amount of pure peptide matrix 
in comparison to the polymer/conjugate mixtures. Upon cooling the water was reabsorbed 
and the polymer re-swelled to form clear hydrogels when cooled below 40°C. Such 
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temperature-responsive behaviour was reversible at least a further four thermal cycles. The 
gels of FEFKFEFK and PA3 showed similar thermal macroscopic behaviour (Fig. 5.1B): 
polymer underwent the LCST upon heating, showing slight gel shrinkage at 80°C with water 
expulsion (Fig. 5.1B samples Nr. 4 and 5) and reswelled upon cooling forming clear gels. 
 
Figure 5.1: Photographs of: A) FEFEFKFK/PS3 gels and B) FEFKFEFK/PA3 gels at the following 
peptide/(polymer/conjugate mixture) weight ratios: 1) 20-10, 2) 15-10, 3) 10-10, 4) 10-15, 5) 10-20  
at 25°C , 40°C and 80°C. At 25°C self-supporting gels were formed. At 40°C gels became opaque due to 
the LCST transition of PNIPAAm. At 80°C gels remained opaque and stable; however slight water release 
was noticed in the samples with high polymer/conjugate mixture content (Nr. 4 and 5). 
 
The thermal behaviour of the gels of FEFEFKFK/PS3 and FEFKFEFK/PA3 at 
different ratios was monitored using micro DSC in the temperature range of 20-80ºC and the 
results for the initial heating scans for each sample are given in Fig. 5.2. Pure peptides 
FEFEFKFK and FEFKFEFK at 20 mg ml-1 are given for comparison. 
Fig. 5.2A and 5.2C show that two endothermic transitions were observed for each 
mixture sample: a sharp transition at ~31°C and a second broader transition at ~ 63 - 68°C. 
The first transition corresponded to the LCST of the PNIPAAm and agreed well with the 
visual observations. The LCST values did not seem to vary with sample composition and the 
enthalpy of the phase separation increased with increasing polymer content (moving from the 
samples 20-10 to 10-20). The micro DSC plots for pure peptides showed no transition in the 
region of 30 - 40°C. Second transitions are more visible in the magnified images presented in 
Fig. 5.2B and 5.2D for FEFEFKFK/PS3 and FEFKFEFK/PA3 systems respectively. These 
endothermic peaks were much broader in nature and presumably corresponded to the 
macroscopic melting of the hydrogel mixture. The micro DSC measurements of pure 
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FEFEFKFK and FEFKFEFK gels at 20 mg ml-1 detected a very broad endothermic 
transition with the peak temperatures ~ 85-90°C (Fig. 5.2 B, D), therefore these peaks were 
not distinctive in Fig. 5.2B and D. Such a broad transition is typical of the melting of synthetic 
and biopolymer hydrogels with fibre-like morphology [7]. β-sheet rich fibres of FEFEFKFK 
and FEFKFEFK also entangled to form densely-packed networks at concentrations ≥ C* and 
their gels showed slight metling upon heating. 
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Figure 5.2: Micro DSC thermographs of the gels of: A, B) FEFEFKFK/ PS3 and C, D) 
FEFKFEFK/PA3 at different weight ratios. B) and D) images correspond to the magnifications of the 
heating region from 55 to 80°C to show the 2nd endothermic transitions. Micro DSC plots for the peptides 
FEFEFKFK and FEFKFEFK at 20 mg ml-1 each are given for comparison. 
Fig. 5.3 A and B present the LCST values as a function of polymer and peptide weight 
fraction in the gels respectively and Fig. 5.3 C and D present ∆H changes with polymer and 
peptide weight fraction respectively. The enthalpy associated with the LCST transition 
(1st peak) increased with increasing polymer weight fraction in the gels, as expected, while the 
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temperature of transition remained constant (Figure 5.3A and C). However, the increase of 
enthalpy with polymer concentration was not purely linear. First three samples in each series 
(20/10, 15/10, 10/10) contained the same amount of polymer/conjugate mixture and only 
peptide concentration varied. Results showed that ∆H for these 3 samples in both series 
increased with decreasing peptide concentration. This might be due to the fact that gel fibrillar 
network partially suppressed the aggregation of the collapsed polymer chains. This correlated 
well with the macroscopic behaviour upon heating (Fig. 5.1A and B) and showed the effect of 
the gel strength on the aggregation of the collapsed polymers: the stronger the gel, the weaker 
the aggregation of collapsed polymer chains.  
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Figure 5.3: Plots of the LCST (A, C) and enthalpy (B, D) values as a function of the weight fraction of 
polymer and weight fraction of peptide in the gels of FEFEFKFK/PS3 and FEFKFEFK/PA3 
The LCST values for the 2nd transition were slightly higher for the mixtures 
FEFKFEFK/PA3 than for FEFEFKFK/PS3, i.e. 68 and 63°C respectively (Fig. 5.3C). The 
enthalpies associated with the transitions practically did not vary with peptide weight fraction. 
∆H were slightly higher for the mixtures FEFKFEFK/PA3 than for FEFEFKFK/PS3, i.e. 
0.08 and 0.06 J g-1 (Fig. 5.3D). It may be assumed that the LCSTs of the 2nd transition, 
corresponding to the peptide gel melting, shifted to lower temperatures in comparison to pure 
peptide matrix possibly due additional interaction between the peptide matrix and polymer 
chains (free and conjugated) and possibly due to enhanced fibril-fibril and/or peptide-peptide 
interactions. 
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5.3. Rheological studies 
Fig. 5.4 shows typical strain amplitude and angular frequency sweeps for 5 
FEFEFKFK/PS3 and 5 FEFKFEFK/PA3 gels at 20ºC. Strain amplitude sweeps in Fig. 5.4A 
and 5.4B show that for each sample the elastic modulus (G′) was greater that the viscous 
modulus (G") indicative of an elastic rather than viscous material. The lowest moduli in the 
series were determined for the gels with equal amounts of peptide and polymer/conjugate 
mixture, 10-10. Visco-elastic properties of the gels increased with increasing free peptide 
content (20-10 and 15-10) and polymer/conjugate mixture content (10-15 and 10-20). The 
linear visco-elastic region of the gels was at strain values < 0.3 and the break down in the gel 
was observed at higher strain values. Fig. 5.4C and 5.4D show that for both gel series G′ was 
essentially independent of frequency over the range 6.28 – 62.8 rad s-1, which indicated that 
the hydrogels were relatively stable within this range. G", however, showed some decrease at 
ω > 20 rad s-1. Such rheological behaviour matched the characteristic signature of a solid-like 
gel. The results showed that as the quantity of either peptide or conjugate from the 
polymer/conjugate mixtures increased, so did G′. Interestingly all G′ values were higher than 
those obtained for an equivalent concentration of pure FEFEFKFK and FEFKFEFK 
peptides (G′ was ~10 Pa for a sample of 20 mg ml-1). This supported the earlier postulation 
that the peptide segment from the conjugate actively participated in fibre, and consequently, 
gel formation, resulting in stiffer fibres than in pure peptide gels. Fig. 5.4E shows the variation 
of yield strain (γ∗) with peptide concentration for the samples 10-10, 10-15 and 10-20. For 
both series a general trend was observed that γ∗ increased slightly with overall peptide 
concentration presumably due to higher number of fibres formed which contributed to the 
increase of network elasticity. 
The G′ plateau values of the gels with high peptide content (20-10, 15-10 and 10-10) 
were plotted as a function of peptide concentration to determine the power law behaviour 
(Fig. 5.5). Pure peptides FEFEFKFK and FEFKFEFK are given for comparison. Since the 
polymer/conjugate mixtures were incorporated into the peptide matrix, the pH of the gels was 
~ 2.3-2.5. Therefore the pH of the pure peptide gels was not either adjusted. Gels of 
FEFEFKFK/PS3 showed the scaling factor of 2.7 which was close to than the scaling factor 
of the corresponding peptide. Since the fibrillar matrix was formed mainly by the free peptide, 
the scaling factors were similar indicating the similar morphologies of pure peptide gel and 
peptide-rich gels with incorporated polymer/conjugate mixture. FEFKFEFK/PA3 and 
FEFKFEFK showed the exponent of 1.7 which was approximately half of that of pure 
FEFKFEFK. 
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Figure 5.4: Strain amplitude sweeps of the gels of: A) FEFEFKFK/PS3 and B) FEFKFEFK/PA3 at 
different peptide/(polymer/conjugate mixture) weight ratios at 20°C. Frequency sweeps of the gels of:  
C) FEFEFKFK/PS3 and D) FEFKFEFK/PA3 at different peptide/(polymer/conjugate mixture)  
weight ratios at 20°C. E) Variation of yield strain with peptide concentration. 
 
Figure 5.6A shows the variation of G′ and G" moduli of FEFEFKFK/PS3 gel 20-10 as 
a function of temperature where a slight decrease in moduli values was observed from 20 
to 30ºC, followed by a sharp increase to a much higher G′ value of 300 Pa followed by a 
further decrease at ~ 60ºC. The thermal behaviour correlated well with both the transitions 
observed in micro DSC and those observed visually. 
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Figure 5.5: Plateau values of G′ as a function of peptide concentration of the gels FEFEFKFK/PS3 
and FEFKFEFK/PA3 at peptide/(polymer/conjugate mixture) ratios of  
20-10, 15-10 and 10-10; and of pure FEFEFKFK and FEFKFEFK gels at pH 2.3-2.5 
 
The first transition led to an initial decrease in G′ and G" presumably due to the collapse 
and shrinkage of the PNIPAAm polymer chains. The subsequent increase in moduli values 
could be due to a thickening in fibril diameter and possible enhancement of fibril-fibril 
interactions due to aggregation of the PNIPAAm chains, while the final decrease was due to 
further aggregation and sedimentation of collapsed polymer chains accompanied by slight 
macroscopic melting of gel. It has been reported that PNIPAAm-containing systems showed 
an increase in G′ and G" moduli values upon heating due to the collapse and aggregation of 
PNIPAAm chains [8-11]. Upon cooling the transitions were thermally reversible, however G′ 
and G" did not reach the initial values of ~ 30 and ~ 10 Pa accordingly but increased instead 
up to ~ 300 and ~ 100 Pa accordingly. Second heating/cooling cycle (Fig. 5.6B) showed that 
the systems underwent the same thermal transitions but less dramatic than during the 1st 
heating/cooling cycle: slight decrease of G′ from 20 to 30ºC, an increase of G′ from 30 to 
45ºC, and a slight decrease ~60°C. During the 2nd heating/cooling cycles G′ increased from 
~ 270 to ~ 360 Pa, however G" remained roughly constant ~ 85 Pa.  
The composite gel FEFKFEFK/PA3 20-10 showed slightly different mechanical 
spectra during heating and cooling (Fig. 5.6C, D). G′ and G" were practically constant from 20 
to 30°C and started to increase sharply at ~ 31°C presumably due to the collapse of 
PNIPAAm chains. Both moduli continued to increase during further heating to 72°C when 
they reached the maxima of 1,300 and 170 Pa for G′ and G" respectively. Further heating 
from 72 to 80°C resulted in a sharp decrease in G′ and G" values to 160 and 30 Pa respectively 
presumably due to the continuous process of aggregation of collapsed chains. At the end of 
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cooling cycle the moduli reached slightly lower values than in the beginning: G′ = 110 Pa and 
G" = 40 Pa. Again the values reached after cooling were higher than those before heating: 
G′ =20 Pa and G" = 10 Pa. Second heating from 31 to 68°C showed an increase in G′ and 
then decrease at ~ 70°C to 50Pa. G" mirrored the behaviour of G′. The increase of 
mechanical properties of the gels was less dramatic than during the first heating. Upon second 
cooling the moduli practically reached the initial values before the 2nd heating. 
Interestingly, the elasticity of the hydrogels was significantly greater after each 
subsequent heating cycle. The values of G′ before and after 4 heating/cooling cycles (samples 
taken after micro DSC measurements) are compared in Table 5.2 for both gel series. Before 
heating, G′ increased with increasing pure peptide and polymer/conjugate mixture content in 
both series. The differences in moduli values between the series were not substantial 
indicating similar behaviour of both conjugated peptide sequences. After heating, the gels 
became rigid and G′ reached ~150-200 Pa in comparison to initial G′ ~ 25 Pa.  
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Figure 5.6: Variation of G' and G'' of the gels: A, B) FEFEFKFK/PS3 (20/10) and C, D) 
FEFKFEFK/PA3 (20/10) during 1st heating/cooling cycle (A, C) and 2nd heating/cooling cycle (B, D) 
in the temperature range from 20 to 80°C 
 
(1st cycle) (2nd cycle) 
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The behaviour of the physical mixtures upon heating was similar to that observed earlier 
for the conjugation products PS3 and PA3 (see section 4.3.2): G′ and G" increased upon 
heating. However, the decrease in mechanical strength was observed for PS3 and PA3 upon 
cooling, whereas the composite gels of FEFEFKFK/PS3 and FEFKFEFK/PA3 showed 
increase in moduli values upon cooling. This difference in behaviour might be attributed to 
considerably higher content of the polymer (free and conjugated) in PS3 and PA3 than in the 
peptide-rich gels and to considerably higher content of peptide in the peptide-rich gels than in 
PS3 and PA3.  
During heating polymer chains collapse and aggregate and may form clusters of 
aggregated hydrophobic chains, which may cause some fibre rearrangements. Upon cooling 
the polymers start to re-swell which does not necessarily lead to the return of fibres and/or 
polymers in the initial position. The gel strengthening upon heating may also occur due to the 
formation of additional junctions between the peptide fibres. The mechanism behind such gel 
strengthening, as well as the rheology behaviour as a function of temperature, should be a 
subject to further investigation. Small angle neutron scattering in conjunction with rheology 
may help to understand such a phenomenon.  
 
Table 5.2: G' values of the gels FEFEFKFK/PS3 and FEFKFEFK/PA3 before heating and after  
4 consecutive heating/cooling cycles 
 
Gel sample 
Peptide/(polymer-
conjugate mixture) 
weight ratio 
Peptide/conjugate/ 
polymer mol.% 
ratio 
G' (Pa) 
(before  
heating) 
G' (Pa) 
(after  
heating)* 
 
 
FEFEFKFK 
and PS3 
20/10 89/5 /6 26 215 
15/10 86/6/7 22 200 
10/10 81/9/10 5 220 
10/15 74/12/14 15 210 
10/20 68/15/17 28 200 
 
 
FEFKFEFK 
and PA3 
20/10 93/3/5 50 200 
15/10 90/3/6 25 180 
10/10 86/5/9 16 160 
10/15 81/7/12 25 160 
10/20 76/8/16 30 130 
* samples taken after 4 consecutive heating/cooling micro DSC cycles 
Fig. 5.7 shows the state of the gel (FEFEFKFK/PS3 = 20/10) taken out of the vial 
after 4 consecutive heating and cooling cycles in the temperature range from 20 to 80°C. 
Fig. 5.7A shows the gel below the LCST of PNIPAAm and Fig. 5.7B shows the thermo-
responsive nature of the same gel above the LCST. The gel held the shape upon heating and 
became opaque due to the collapse of the polymer. As shown in Fig. 5.7 the gels were stable, 
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visco-elastic and thermo-responsive. These properties are characteristic to the systems that 
could potentially be employed in controlled drug delivery and three-dimensional tissue 
engineering. 
 
Figure 5.7: Photographs of the stable gel of the physical mixture FEFEFKFK/PS3  
after 4 consecutive heating/cooling cycles: A) below and B) above the LCST of PNIPAAm 
 
5.4. Summary 
This chapter presented the research results on the peptide-rich hydrogels composed of 
pure peptides FEFEFKFK and FEFKFEFK and corresponding mixtures of polymer-peptide 
conjugates and polymer, PS3 and PA3. Two series of the gels by varying peptide and 
polymer/conjugate mixture concentration were studied. The gels showed thermo-responsive 
behaviour as expected and the LCST values were ~ 30°C for all the samples in both series. 
Micro DSC studies also detected the second endothermic transition upon heating ~63 - 68°C 
which was not observed previously. The second transition might be attributed to the 
macroscopic gel melting. Both thermal transitions were reversible upon cooling. Mechanical 
studies showed that gel strength increased with increasing polymer/conjugate mixture content, 
however G' values were < 50 Pa for the samples in both series. These peptide-rich gels again 
exhibited interesting mechanical behaviour upon heating, i.e. both elastic and viscous moduli 
values increased during heating from 20 to 80°C and did not reach the initial values upon 
cooling. G' values increased by approximately an order of magnitude after 4 consecutive 
heating/cooling cycles. These gels are complex systems with three components, i.e. peptide, 
polymer and polymer-peptide conjugate. During heating these components might form 
intermolecular aggregates which might not disaggregate upon cooling resulting in gel 
strengthening. Polymer re-swelling upon cooling was reported to be a thermodynamically slow 
process that might also contribute to enhancing gel visco-elastic properties during the study. 
Varying the peptide sequence in the peptide matrix and in the polymer/conjugate mixtures did 
not show a pronounced effect on the thermal behaviour and mechanical properties of the 
composite gels. 
To understand the effect of pure polymer-peptide conjugate on the structural and 
mechanical properties of the peptide-rich gels, further studies are required. Hence, the 
A B 
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composite gels, where pure polymer-peptide conjugate was embedded into a peptide matrix, 
were designed, studied and the results are described in the following Chapter 6. 
Fig. 5.8 gives a schematic representation of the behaviour of the pure peptide, free 
polymer and polymer-peptide mixtures. In the scheme free polymer chains are presented in 
red and all peptide segments as arrows (both free and components of the conjugates) (Fig. 
5.8A). In this case peptide concentration is higher than polymer concentration. In water 
peptide segments self-assemble into fibres, free polymers float around the fibres and peptide-
rich gels are formed (Fig. 5.8B, C). Above the LCST phase separation occurs and conjugated 
polymer segments collapse onto the fibres whereas free polymer chains collapse and aggregate 
around the fibres (Fig. 5.8D). Upon cooling the LCST transition is reversible and polymer 
chains re-swell. 
 
Figure 5.8: Schematic representation of peptide-rich gel obtained by incorporating polymer/conjugate 
mixture into peptide matrix. A) Peptide and polymer/conjugate mixture are dissolved in water.  
B, C) Self-assembly and peptide fibre formation. Free polymers float around the fibrillar network.  
D) Phase separation due to the collapse of PNIPAAm above the LCST. 
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6.1. Introduction 
The aim of this chapter is to study the effect of pure polymer-peptide conjugate on the 
structural and mechanical properties of the peptide-rich gels. The concept used here was to 
incorporate small quantities of purified polymer-peptide conjugate are added to pure peptide. 
In this case the peptide content is higher than conjugated polymer content. The peptide 
matrix undergoes slight melting upon heating but does not possess a transition similar to that 
of the LCST of PNIPAAm. The study focused only on FEFEFKFK and its conjugate with 
PNIPAAm. It has been hypothesised that the peptide part of the polymer-peptide conjugate 
will self-assemble with the peptide from the matrix which will allow the polymer segments to 
be distributed along the fibres. Polymer segments will exhibit LCST behaviour and confer 
their thermo-responsive behaviour to the composite gel. The study aims to reveal the thermo-
responsive behaviour of the composite gels by micro DSC, to understand how the conjugate 
behaves in the gel network of β-sheets fibres upon heating and cooling using small angle 
neutron scattering (SANS) and to study fibre morphology by TEM and AFM. Also it is 
important to study the effect of conjugate incorporation on the mechanical properties of the 
composite gel. 
 
6.2. Gels macroscopic phase separation  
FEFEFKFK peptide and its corresponding conjugate with PNIPAAm were chosen for 
the study. It has been already discussed that this octapeptide FEFEFKFK self-assembles in 
aqueous solution into β-sheet fibres and forms a gel at considerably low concentration 
(C* ~ 17 mg ml-1) [1]. The polymer-peptide conjugate was synthesised using the same 
polymerisation method as for PS3, described in section 3.3.4. The product was dialysed 
similarly to PS3 and the separation of the unconjugated from conjugated polymers was 
performed by centrifugation. The sample purity was estimated was estimated by 1H NMR to 
be ~ 90% . 
The 1H NMR spectrum of the purified conjugate is given in Fig. 6.1B where typical 
polymer (Fig. 6.1A) and peptide (Fig. 6.1C) signals can be distinguished. 
GPC analysis of the conjugate showed wM  and nM  of 8,800 and 2,500 g mol
-1 
respectively. Two series of composite gels were prepared by mixing the peptide at 
2 concentrations: below (10 mg ml-1) and slightly above (20 mg ml-1) the C* of the peptide, 
with 3 polymer-peptide conjugate concentrations: 3, 5 and 10 mg ml-1 (Table 6.1). Further in 
the text the names of the composite gels are reduced to the following abbreviations: 10-3,   
10-5, 10-10, 20-3, 20-5, and 20-10, where the first number stands for the peptide 
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concentration in mg ml-1 and the second number represents the conjugate concentration in 
mg ml-1. These composite gels contain only pure peptide and polymer-peptide conjugate 
rather than the polymer/conjugate mixture as in Chapter 5 (Table 5.1). The gelling properties 
and macroscopic phase separation of the composite systems were studied below and above 
the LCST and typical images are given Fig. 6.2. 
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Figure 6.1: 1H NMR spectra of : A) PNIPAAm, B) PNIPAAm-FEFEFKFK and  
C) FEFEFKFK (DMSO-d6, 400 MHz) 
Chapter 6                                                                                             Results and Discussion 
 
 
 
192 
Table 6.1: Peptide weight fraction (Wpept.) in the conjugate used for the preparation of the composite gels and 
conjugate weight fractions (Wconj.) in the peptide-rich gels studied 
Sample Wpept. in  
conjugate 
Wconj. in  
gel mixture 
10-3 0.12 0.23 
10-5 0.12 0.33 
10-10 0.12 0.50 
20-3 0.12 0.13 
20-5 0.12 0.20 
20-10 0.12 0.33 
 
Fig. 6.2 (1A) shows that the composite gels 10-3 and 10-5 were liquid at ambient 
temperature as expected, whereas the sample 10-10 formed a self-supporting gel due to higher 
conjugate content and hence higher peptide content. 20-3, 20-5 and 20-10 samples formed 
self-supporting gels at ambient temperature (Fig. 6.2 (2A)). Typically at increased temperature 
a polymer solution becomes opaque due to the collapse and aggregation of the polymer [2] as 
it was observed for PNIPAAm-rich gels in Chapter 4 and for peptide-rich gels with the 
polymer/conjugate mixture in Chapter 5. In the case of the composite gels the opaqueness 
was not explicit (Fig. 6.2 (1B and 2B)). 
10-3 10-5 10-10 10-3 10-5 10-10
A B1)
20-3 20-5 20-10 20-3 20-5 20-10
B2) A
 
 Figure 6.2: Gelation and macroscopic phase behaviour of the composite gels: 1) series of 10 mg ml-1 of 
peptide and 2) series of 20 mg ml-1 of peptide and various conjugate content at:  
A) ambient temperature and B) 45ºC  
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UV-Vis spectroscopy is one of the techniques typically used to study the LCST 
behaviour of thermo-responsive polymers [3, 4] as it can easily detect a coil-to-globule 
transition of the macromolecular chains due to increased optical density above the LCST. 
A conjugate solution and a peptide/conjugate composite gel were studied by UV-Vis 
spectroscopy to prove that a coil-to-globule transition occurred (Fig. 6.3). Fig. 6.3A shows the 
S-shape increase of absorbance as a function of temperature for the conjugate solution which 
is typical of the LCST phenomenon. The composite gel showed similar behaviour, however, 
the increase in absorbance upon heating was not as large as in the conjugate solution 
(Fig. 6.3B). Usually, visible phase separation of polymer solution upon heating is due to the 
aggregation of the collapsed macromolecular chains [5]. Previously studied PNIPAAm-rich 
gels were predominantly formed by the polymer and peptide-rich gels contained a 
considerably large fraction of polymer/conjugate mixture (Chapter 4 and 5), hence they 
underwent the LCST transition which was visual macroscopically. The peptide-rich composite 
gels in this chapter contained ≤ 10 mol.% of pure polymer/peptide conjugate. UV-Vis 
spectroscopy showed that the LCST phenomenon was observed, however, the collapsed 
polymer chains did not form macroscopic aggregates presumably due to low density of 
polymer segments along the peptide fibres.  
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Figure 6.3: A) Absorbance profile of an aqueous solution of the conjugate at 10 mg ml-1 and composite gel 
20-10 at 500 nm and B) magnification of the composite gel profile  
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6.3. Micro DSC studies of the composite gels  
The thermo-responsive properties of the composite gels were analysed by micro DSC to 
reveal the effect of the incorporation of thermo-responsive polymer-peptide conjugate into 
peptide matrix. The onset points of the endothermic peaks, determined by the intersection of 
tangent lines from the baseline and slope of the endothermic peak, were used to determine the 
LCST. Fig. 6.4 shows typical micro DSC plots for 4 consecutive heating and cooling cycles for 
the composite gel 20-10. During each heating the endothermic peak characteristic to the 
LCST of PNIPAAm was detected (Fig. 6.4A) confirming the results from UV-Vis 
spectroscopy. The onset point of the transitions during the 1st heating was found to be 
at ~ 30°C which did not change during further heating cycles. Upon cooling the transition was 
completely reversible throughout all measurements (Fig. 6.4B). Other composite gels showed 
similar behaviour. 
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Figure 6.4: Micro DSC plots of the composite gel 20-10 during 4 consecutive: 
A) heating and B) cooling cycles 
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Fig. 6.5 compares the LCST and phase separation enthalpy values for polymer and 
polymer-peptide conjugate solutions and the two series of the composite gels as a function of 
polymer concentration which was calculated using the same calibration curve in Fig. 4.3. 
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Figure 6.5: LCST and phase separation enthalpy (∆H) values for polymer and conjugate aqueous solutions 
and for the composite gels at peptide concentration of 10 mg ml-1 and 20 mg ml-1 with various conjugate content 
as a function of polymer concentration 
 
According to the micro DSC results both the polymer and conjugate samples exhibited 
LCST behaviour at ~30ºC indicating that the LCST of the polymer was not affected by its 
conjugation to the peptide FEFEFKFK. Fig. 6.5 also shows that polymer and conjugate 
enthalpy changed linearly with the concentration. The enthalpy of the phase separation of 
pure polymer was approximately twice that of the conjugate. This was due to lower wM  of 
the conjugate than that of PNIPAAm (8,800 and 15,000 g mol-1 respectively) and also due to 
the conjugate sample containing fewer polymer chains than pure polymer sample.  
The micro DSC study of the composite gels showed the typical endothermic peaks, 
characteristic to PNIPAAm (Fig. 6.4.). The LCST values were also ~30°C, indicating that 
neither the peptide matrix nor the conjugate concentration had a considerable influence on 
the LCST values. Then it was noticed that the enthalpy values associated with the LCST 
transition of PNIPAAm in the composite gels were lower than those in pure conjugate 
solutions and varied slightly for different peptide concentrations. This might be due the 
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polymer chains being incorporated into the fibres that partially suppress their aggregation 
resulting in smaller phase separation enthalpies than in aqueous solution. 
 
6.4. Mechanical properties of the gels 
The mechanical properties of the composite gels were studied using oscillatory rheology. 
As previously, the samples were placed between the parallel plates with the top plate of 
20 mm in diameter. Mechanical measurements were split in 3 types of tests: strain amplitude, 
angular frequency and temperature sweeps. The initial strain amplitude sweeps were 
performed for all samples when the material was exposed to an increasing strain at a constant 
frequency of 6.28 rad s-1. The elastic (G') and viscous (G'') moduli as a function of strain 
amplitude were recorded for the two series of composite gels and compared to the pure 
peptide matrix. Fig. 6.6 shows the amplitude sweeps of both series of composite gels. The 
mechanical spectra for FEFEFKFK peptide at 10 and 20 mg ml-1 are included for 
comparison. 
For both composite gel series elastic behaviour of the hydrogels dominated the viscous 
behaviour: G' > G'' as observed previously. Maximal G' value reached was ~ 100 Pa for both 
series. G' decreased rapidly above a concentration-dependent critical strain amplitude, 
indicating a breakdown in the gel. Fig. 6.7A shows that yield strain (γ∗) values shifted to lower 
values with increasing conjugate content as expected. Peptide fibres became stiffer and 
consequently more brittle with increasing conjugate content in each series. The results showed 
that lower concentration gels (peptide concentration 10 mg ml-1) showed smaller 
γ∗  values than the other series (peptide concentration 20 mg ml-1) with no and 3 mg ml-1 of 
incorporated conjugate. At higher conjugate concentrations (5 and 10 mg ml-1) γ∗ became 
similar for both series indicating similar increase in gel stiffness. 
Fig. 6.7B shows the increase of the moduli crosspoint values with increasing conjugate 
content for both series indicating the enhancement of mechanical characteristics. 
G' and G'' increased with increasing quantity of polymer-peptide conjugate and hence 
quantity of peptide in the gels. The peptide segments from the conjugates contributed to the 
network formation and polymer segments, distributed along the fibres, influenced the 
stiffening of the fibres and overall network strength, hence the increase in moduli values. The 
results from strain amplitude sweeps for both composite gel series showed that both series 
exhibited similar behaviour. 
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Figure 6.6: Strain amplitude sweeps of: A) composite gels 10-3, 10-5, 10-10 and FEFEFKFK at 
10 mg ml-1, B) composite gels 20-3, 20-5, 20-10 and FEFEFKFK at 20 mg ml-1 at 20°C.  
G' was higher than G'' indicating gel formation. Moduli increased with increasing conjugate content. 
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Figure 6.7: Variation of: A) yield strain and B) modulus at the cross-over point of G' and G'' profiles with 
conjugate concentration incorporated into the peptide gels of 10 mg ml-1 and 20 mg ml-1 
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The oscillation frequency sweep measurements were performed in the LVR at 1% strain 
by exposing the samples to a gradual increase in angular frequency from 0.628 to 62.8 rad s-1 
and varying the stress in a sinusoidal manner. Fig. 6.8A and Fig. 6.8B show the oscillation 
frequency sweeps for the gels 10-3, 10-5, 10-10 and 20-3, 20-5, 20-10 respectively. The results 
showed that all samples in both series exhibited a similar trend when G' > G'' and it was 
apparent that in each series the moduli increased with increasing conjugate content. In all 
cases, G' was nearly independent of frequency in the range from 0.1 to 10 rad s-1, which was 
characteristic of solid-like behaviour of entangled network. G'', however, became more 
independent of frequency with increasing conjugate content.  
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Figure 6.8: Frequency sweeps for: A) composite gel series 10-3, 10-5, 10-10 and FEFEFKFK  
at 10 mg ml-1, B) composite gel series 20-3, 20-5, 20-10 and FEFEFKFK at 20 mg ml-1 at 20°C  
 
Fig. 6.9A compares G' values extracted from the frequency sweep experiments for two 
series of composite gels. The results indicated that the gels became more rigid when the 
concentration of polymer-peptide conjugate increased. For example, G' increased from 5 and 
9 Pa (peptide matrix at 10 and 20 mg ml-1 respectively) to the values of 150 and 180 Pa with 
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incorporation of 10 mg ml-1 of polymer-peptide conjugate. The increase in G' could be 
ascribed to the higher content of peptide included in the β-sheet fibres, to the increasing 
degree of entanglement of β-sheet fibres, and to the increased stiffness of the gel network due 
to pending PNIPAAm chains.  
Fig. 6.9A also shows the opposing behaviour of the physical mixtures of FEFEFKFK 
(20 mg ml-1) and different content of PNIPAAm. Network strength increased slightly from 9 
to 32 Pa with 3 mg ml-1 of polymer and then decreased with further increase in polymer 
concentration: G' of 20-5 and 20-10 was 20 and 10 Pa respectively. This suggested that the 
network has been diluted with free polymer chains which freely floated in the fibrillar network 
rather than participated in its formation. 
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Figure 6.9: A) Variation of G' of the composite gels of FEFEFKFK at 10 mg ml-1, 20 mg ml-1 as a 
function of conjugate concentration and of the physical mixture of 20 mg ml-1 of FEFEFKFK as a function of 
polymer concentration at 20°C. B) Plateau values of G' as a function of peptide concentration in: pure 
FEFEFKFK, composite gels 10-3, 10-5, 10-10 and composite gels 20-3, 20-5, 20-10 at 20°C. 
pH 2.3 – 2.5 
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Fig. 6.9B shows the power law behaviour of G' as a function of peptide concentration at 
pH 2.5. Variation of peptide concentration was minimal in each composite gel series and G' 
increased very quickly with increasing conjugate content. Both composite gels showed very 
high exponents (34 and 45 for the series 10-3, 10-5, 10-10 and 20-3, 20-5, 20-10 respectively) 
in comparison to pure peptide FEFEFKFK. 
Mechanical properties of the gels were also studied as a function of temperature. 
Fig. 6.10 shows variations of G' and G'' with temperature measured at angular frequency of            
6.28 rad s-1 for two series of composite gels. The samples were heated from 20 to 80ºC and 
cooled down to 20°C and heating/cooling cycles were performed 3 times in total.  
Dynamic temperature sweeps of both series showed that G' values increased during the 
first heating cycle and did not decrease to the initial G' values upon cooling. For both 
composite gel series the initial increase in moduli values was due to the phase-separation of 
the polymer (Fig. 6.10A, C). Upon cooling the behaviour of two series was slightly different. 
Gel series 10-3, 10-5 and 10-10 showed that G' continued to increase upon cooling 
(Fig. 6.10 B). For example, G' of 10-3 increased from 15 to 40 Pa upon heating and reached 
120 Pa upon cooling. Gels samples 20-5 and 20-10 showed that upon cooling G' did not 
decrease but remained practically constant around the value reached upon heating 
(Fig. 6.10 D), except 20-3 that showed slight decrease of G'. For example, G' of 20-5 increased 
from 60 to 200 Pa upon heating and remained at the mark of 200 Pa upon cooling. The 
second and third heating/cooling cycles did not show further substantial increase or decrease 
in G' values which remained at the values reached after the 1st cooling. This behaviour had 
something in common with the peptide-rich gels studied in Chapter 5 when gel stiffness 
increased upon heating and upon cooling gels became more rigid than in the beginning of the 
experiment. 
Another interesting observation was that for the composite gels 10-3, 10-5 and 10-10 
(Fig 6.10A), G' values increased gradually until a certain temperature, which was 68, 60 and 
50°C for 10-3, 10-5 and 10-10 accordingly, when G' values started to increase considerably. 
The temperature, at which G' started to increase rapidly, shifted to lower values with the 
increase in conjugate content. For the composite gels 20-3, 20-5 and 20-10 the increase of G' 
values was more continuous and gradual (Fig. 6.10C).  
The results implied that polymer chains did not contribute significantly to the network 
elasticity because polymer concentration was much smaller than the peptide concentration. 
Therefore the variation of G' with temperature was slightly different from that observed in 
Chapter 4. 
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Figure 6.10: Dynamic temperature sweeps of the composite gels: A) 10-3, 10-5, 10-10 and C) 20-3, 20-5, 
20-10 during heating  from 20 to 80°C. Dynamic temperature sweeps of the composite gels: B) 10-3, 10-5, 
10-10 and D) 20-3, 20-5, 20-10 during cooling from 80 to 20°C. Heating rate 1 °C min-1. 
 
Pure peptide matrix did not show a substantial increase in G' at elevated temperatures 
(Fig. 6.11). Both moduli varied slightly around 20 Pa during heating and cooling which 
indicated that the increase of the composite gel stiffness was not presumably due to the 
structural changes in peptide matrix.  
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Figure 6.11: Variation of G' and G'' of FEFEFKFK at 20 mg ml-1 as a function of temperature 
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High moduli values at elevated temperatures (70 - 80°C) indicated presumably strong 
interactions among the components of the gels. Wu et al. [6] studied PNIPAAm solution with 
light scattering and Fourier transform infrared spectroscopy (FT-IR) techniques and reported 
that at the temperatures, higher than the LCST, PNIPAAm chains were dehydrated and 
intermolecular hydrogen bonds were formed between the carbonyl and amide groups. These 
hydrogens bonds acted as cross-links making the collapsed polymer aggregates behave like a 
gel. When the temperature decreased, aggregates of the collapsed chains started to swell but 
did not disassociate due to the hydrogen bonds holding collapsed chains together. When the 
temperature was much lower than the LCST (~4°C), chain dissociation occurred. Therefore 
this also might be a reason for observed increase in gel strength in this study.  
Similarly to other peptide-rich gels discussed in Chapter 5, these composite gels showed 
increase in gel strength at high temperatures and further investigations are required to 
elucidate this behaviour in more detail. 
 
6.5. Gel network morphology 
Gel network morphology was studied by SANS, TEM and AFM. First an overview of 
the peptide and conjugate concentration and temperature influence on SANS profiles is 
presented. Neutron scattering is sensitive to the difference in scattering density between 
phases [7]. Here, the scattering density difference between the peptide-rich phase, the 
network, and the peptide-poor phase, the solvent, and also between the polymer-rich phase 
and the solvent was employed. For SANS experiments the same two series of composite gels 
were prepared in different solvents allowing the behaviour of the peptide fibres and the 
polymer segments to be identified independently. To study the peptide behaviour, the gels 
were prepared in D2O where the contrast between the hydrogenated peptide and the 
deuterated polymer was higher than between the hydrogenated peptide and the hydrogenated 
polymer (see section 3.4.10 for more detail). Fig. 6.12 shows a SANS plot for the deuterated 
PNIPAAm and the composite gel 10-3 in D2O. The results showed that the scattering mainly 
originated from the peptide, however the deuterated polymer showed some scattering at low q 
(Fig. 6.12 inset).  
As described in section 3.4.10 of Materials and Methods, the polymer could be studied 
when the peptide had the same contrast as the solvent, i.e. the peptide was contrast-matched. 
The calculations showed that it could be done in the solvent mixture of 
H2O/D2O = 58/42 vol.% when the scattering length density of the solvent mixture matched 
that of hydrogenated peptide and was equal to 2.35×10-10 cm-2. As shown experimentally the 
experimental scattering length density obtained by looking at the peptide scattering extension 
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as function of solvent composition is in very good agreement with the calculated one 
(Fig. 6.13). Fig. 6.13 shows IN(q) versus q plots for the peptide samples of 10 mg ml
-1 prepared 
in the mixtures of H2O and D2O at different ratios. The results obtained were in agreement 
with the theoretical calculations of the ratio that the peptide sample prepared in the mixture of 
58 vol.% H2O and 42 vol.% of D2O would show no scattering. Consequently, this solvent 
mixture was used to study polymer behaviour in the composite gels. 
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Figure 6.12: IN(q) versus q plot of the deuterated PNIPAAm (3 mg ml
-1) and the composite gel of 
protonated peptide (10 mg ml-1) and deuterated PNIPAAm (3 mg ml-1) in D2O. In the composite gel in D2O 
main scattering originated from the peptide; polymer showed slight scattering at low q. 
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Figure 6.13: IN(q) versus q plot for the peptide (10 mg ml
-1) in H2O, D2O and their mixtures. Peptide did 
not scatter in the solvent mixture of 58 vol.% H2O / 42 vol.% D2O. 
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The scattering profiles for all samples for both sets of experiments (in D2O and 
H2O/D2O = 58/42 vol.%) were collected at 25 °C to study the systems below the LCST, at 
45°C to study the systems above the LCST, and again at 25°C to check the reversibility of the 
phase separation. Fig. 6.14 shows the variation of scattering intensity with q in the logarithmic 
scale for both series of the composite gels in D2O at 25°C. The SANS profiles for the peptide 
FEFEFKFK at 10 and 20 mg ml-1 are given for comparison. 
In D2O the polymer part was “invisible” and the main contribution to the scattering 
originated from the peptide fibres (peptide matrix and peptide segments from the conjugate). 
Typically, the scattering intensity decreased for all samples with increasing q. At low q the pure 
peptide of 20 mg ml-1 showed asymptotic behaviour of the scattering intensity described by 
I(q) ~ q-1 which is characteristic to the scattering of the rod-like objects (fibres) in solution [8-
11]. The peptide at lower concentration showed slightly different dependence probably due to 
the concentration below its critical gelation concentration. The results showed that at both 
concentrations pure peptide formed concentrated microdomains due to the intermolecular 
interactions of the peptide fibres as expected. The scattering of these domains resulted in a 
correlation or structural peak in the SANS profiles. The maximum of this peak was found to 
be at ~ 0.32 nm-1 for both concentrations, however, the structural peak was more pronounced 
at higher peptide concentration than at 10 mg ml-1. Using the Bragg’s law, described by 
Eq. 6.1, it is possible to calculate the most probable distance between the aggregates or simply 
the mesh size, d of the network: 
                                                      
q
d pi2=                                                            (Eq. 6.1). 
The calculations showed that the network of FEFEFKFK fibres had the mesh size ~ 20 nm. 
Composite gels 10-3, 10-5 and 10-10 showed no obvious structural peak probably due to 
the conjugated polymer slightly influencing the intermolecular interactions of the fibres. At 
low q values the intensity showed qn dependence with n close to -1. When the conjugate 
concentration increased in the series, the curvature of the plots decreased indicating higher 
content of rod-like objects. The intensity of the structural peak was found to decrease as 
conjugate concentration increased. Similarly, the composite gels 20-3, 20-5 and 20-10 showed 
the exponent of -1 at low q characteristic to rod-like objects. The structural peak was also 
present in each sample at the same position as in that of pure FEFEFKFK at 20 mg ml-1.  
Fig. 6.15 shows the variation of scattering intensity with q in the logarithmic scale for 
both series of the composite gels in D2O at 45°C when the polymer is in the collapsed state.  
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Figure 6.14: SANS profiles of the two series of the composites gels in D2O at 25°C. Pure petide 
FEFEFKFK at 10 and 20 mg ml-1 is given for comparison. In D2O scattering originated mainly from the 
peptide. Scattering curves showed a q-1 behaviour at low q indicating the presence of rod-like objects. A 
correlation peak, centred at ~ 0.32 nm-1, was present in the scattering profiles and became more intense with 
increasing peptide content, but its intensity decreased with increasing conjugate content. 
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The scattering intensity decreased for all samples with increasing q. The composite gels 10-3, 
10-5 and 10-10 showed the slopes close to -1 at low q indicating the presence of rod-like 
objects. The structural peak was not pronounced in the conditions studied. The composite 
gels 20-3, 20-5 and 20-10 showed the slopes of -1 at low q and the structural peak centred at 
~ 0.32 nm-1 which decreased in intensity with increasing conjugate content and practically 
vanished for the sample 20-10. At 45°C the gels could melt slightly, showing the decrease in 
intermolecular fibre-fibre interactions. Sample of 20-10 contained the highest amount of 
conjugate in the series, which collapsed above the LCST and presumably influenced the fibre-
fibre interactions.  
 
Figure 6.15: SANS profiles of the two series of the composites gels in D2O at 45°C.  
Scattering profiles showed q-1 behaviour at low q indicating the presence of the rod-like objects. The structural 
peak centred at ~ 0.32 nm-1 was more pronounced in the samples with higher peptide content. 
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Kopeček et al. [12, 13] studied polymer-peptide conjugates and found that polymer 
presence in the conjugate influenced the conformational behaviour of the peptide. Therefore 
this might be also the reason for change of the network structure revealed as disappearance of 
the correlation peak as conjugate content in the composite gels increased.  
Similar experiments using the solvent mixture were performed to study the behaviour of 
the polymer segments below and above the LCST. Fig. 6.16 shows the variation of scattering 
intensity with q in the logarithmic scale for both series of the composite gels in the solvent 
mixture of H2O and D2O at 25°C. In these conditions the peptide was “invisible” and did not 
scatter and only the polymer chains contributed to the scattering intensity. The scattering 
intensity decreased for all samples with increasing q and slightly increased with the increase of 
conjugate content in the series. It is worth mentioning that plots were slightly noisy for the 
samples with low conjugate content and became more linear with increasing conjugate content 
and hence polymer content that contributed to the scattering. Fig. 6.16 shows that all plots 
showed the slopes of -1 at low q confirming the presence of rod-like objects. It was postulated 
that the peptide segment of the conjugate would be incorporated into the fibrillar network 
following the self-assembly principle. Therefore the polymer chains would be placed outside 
the fibres and in the conditions, when the peptide fibres are “invisible”, would repeat the 
contours of the fibres, creating a "hollow" fibre with inner core composed of peptide fibre 
and outer shell composed of polymer segments.  
Fig. 6.17 shows the variation of scattering intensity with q in the logarithmic scale for 
both series of the composite gels in the solvent mixture of H2O and D2O at 45°C. Above the 
LCST, at 45°C, the scattering profiles changed drastically. Presumably at this stage the 
polymer chains collapsed along the fibres and according to rheology data at 45°C the gel 
structure was maintained. It was expected that the scattering profiles will also show the slopes 
of -1 at low q confirming the presence of fibres with collapsed polymer chains: rod-like 
objects. The scattering profiles were slightly similar to those in Fig. 6.14 obtained for the 
composite gels in D2O at 25°C, however the structural peak in the solvent mixture at 45°C 
was very strong and overlapped the linear region with q-1 behaviour. This structural peak was 
presumably due to increased intermolecular interactions of the peptide fibres with collapsed 
PNIPAAm chains on them. It is suggested to study these systems with USANS (Ultra small-
angle neutron scattering) technique which should allow the scattering profiles at small q-1 to be 
obtained and which would confirm the presence of rod-like objects. 
The position of the structural peak shifted to lower q values and it was found to be at 
~ 0.16 nm-1 that corresponded to the mesh size of ~ 40 nm according to the Bragg’s law 
(Eq. 6.1). The mesh size of polymer network was twice that of the peptide network in D2O. It 
Chapter 6                                                                                             Results and Discussion 
 
 
 
208 
may postulated that at 45°C, when the polymer was in collapsed state, the fibres might tend to 
come together and form a bigger mesh.  
 
 
Figure 6.16: SANS profiles of the two series of the composites gels  
in the solvent mixture of 58 vol.% H2O / 42 vol.% D2O at 25°C.  
Scattering profiles showed q-1 behaviour at low q due to the collapsed polymer chains along the peptide fibres. 
 
Fig. 6.18 shows the variation of scattering intensity with q in the logarithmic scale for 
the composite gel 20-10 in D2O and in the solvent mixture of H2O and D2O at 25, 45 and 
25°C. The log-log plot of intensity versus q of the composite gel in D2O showed that the 
scattering intensity increased slightly at 45°C in comparison to that at 25°C (Fig. 6.18A). Also 
at 45°C the structural peak disappeared due to slight melting of the gel. Upon cooling the   
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log-log profile mirrored the profile before heating. At all 3 temperatures the slopes of the 
profiles at low q were equal to -1 indicating the presence of the rod-like objects (fibres). 
Similar results showing the reversible thermal behaviour were obtained in the solvent mixture 
of H2O and D2O and are presented in Fig. 6.18B. The log-log plot of intensity versus q of   
20-10 showed that 45°C the scattering pattern changed dramatically presumably due to the 
collapse of PNIPAAm and returned to initial state upon cooling. The scattering plots at 25°C 
before and after heating were practically identical and had the slopes of -1 at low q. These 
results clearly showed the reversibility of the phase separation. 
 
Figure 6.17: SANS profiles of the two series of the composites gels  
in the solvent mixture of 58 vol.% H2O / 42 vol.% D2O at 45°C 
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Figure 6.18: SANS profiles of the composites gel 20-10 in: A) D2O and  
B) in the solvent mixture of 58 vol.% H2O / 42 vol.% D2O at 25, 45 and 25°C. Scattering profiles showed 
the reversible thermal behaviour of the composite gels both in D2O and in the solvent mixture. 
 
TEM and AFM studies were performed to provide a further insight into gel morphology 
and to confirm the presence of a fibrillar structure. Typical TEM micrographs of the 
composite gels with the highest conjugate content 10-10, 20-10 and of the peptide 
FEFEFKFK gel at a concentration of 10 mg ml-1 are presented in Fig. 6.19A, B and C 
respectively. The peptide concentration of 10 and 20 mg ml-1 is considerably high for TEM 
measurements when a dense fibrillar network is formed, therefore all samples for TEM 
measurements were diluted to final peptide concentration of 1 mg ml-1. All TEM images 
showed a network of long and straight entangled fibres. It appeared that the entanglements 
were evenly distributed across the samples of the composite and pure peptide gels. Fibre 
diameter was found to vary in the range of 4.0 ± 0.8 nm. The fibrillar network of the 
composite gel did not seem to be different from that of pure peptide. The network mesh size 
varied from ~ 20 to 40 nm, however larger distances of ~ 100 nm were found. 
 
 
 
Figure 6.19: Typical TEM images of: A) composite gel 10-3, B) composite gel 20-3 and B) FEFEFKFK  
at 10 mg ml-1. Gels were diluted to the concentration of 1 mg ml-1 of peptide.  
TEM showed the formation of fibrillar network. 
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Fig. 6.20 shows typical AFM images for the composite gels 10-10 and 20-10 which were 
diluted to the final peptide concentration of 0.5 mg ml-1 and of the pure peptide gel at 
2 mg ml-1. These are optimal concentrations found experimentally however they are slightly 
different from those used for TEM. Fig. 6.20A and 6.20B show the fibrillar network of the 
composite gel with some light dots distributed along the fibres. It was postulated that these 
light dots were polymer segments placed on the outside of the fibres. At higher magnification 
it was possible to distinguish that the fibres were not smooth and possibly polymer segments 
could be observed along the length of the fibre (Fig. 6.20 D, E). Fibre width was detected to 
be 4.5 ± 1 nm and fibre height ~1 nm. It was assumed that fibres were cylindrical, however 
the interactions between the substrate and the fibres might result in a deformation of the fibre 
shape pulling it towards the surface and flattening it. Also the fibres might be embedded in 
background matrix. This may result in the fibre width different from the height. Fig. 6.20C 
presents the AFM image of FEFEFKFK peptide at 2 mg ml-1 with a dense fibrillar network. 
Higher magnification showed that peptide fibres were rather smooth (Fig. 6.20F). The width 
of the fibres was similar to that observed in the composite gel and was in good agreement 
with the results obtained by Saiani et al. [1]. 
 
 
 
Figure 6.20: AFM images of the composite gels 10-10 (A - scan size 2 µm2, D - scan size 0.25 µm2),  
20-10 (B - scan size 2 µm2, E - scan size 0.25 µm2), and peptide solution at concentration of 2 mg ml-1      
(C - scan size 2 µm2, F - scan size 0.25 µm2C) on mica at ambient temperature. AFM showed the formation 
of fibrillar network similar to that of pure peptide. In the case of composite gels fibres were not smooth as for 
pure FEFEFKFK and possibly polymer segments could be observed along the length of the fibre. 
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The mesh size in the composite gels was measured and it varied from ~ 114 nm to 
230 nm to 360 nm. Since the composite gels were diluted the mesh size measurements should 
be considered carefully as they may give misleading information about the real gel network. 
Also the substrate surface can direct the formation of mesh. 
 
6.6. Self-assembly scheme 
Following the results presented above, here is the proposed self-assembly scheme for 
the composite gels in water and their behaviour below and above the LCST (Fig. 6.21). In the 
figure the peptides are presented as arrows, the polymer segments in red, and the fibres in 
grey. Once peptides and polymer-peptide conjugates were dissolved in water (Fig. 6.21A), 
peptide segments self-assembled into β-sheet rich fibres (Fig. 6.21B and 6.21C). It was 
postulated that the peptide segment of the conjugate would participate in the formation of the 
fibres of ~ 3 nm in diameter and that the PNIPAAm segments from the conjugates would be 
placed outside the fibres. According to the initial peptide and conjugate weight ratios, the 
distance between the polymer segments on the peptide fibre was estimated to vary from 5 (for 
mixture 10-10) to 25 nm (for mixture 20-3). Below the LCST polymer chains were in good 
solvent and had an extended coil conformation. Radius of gyration for the polymer part was 
calculated to be ~ 3-5 nm according to the following equation: <Rg
2>1/2 = 0.0188× wM
0.54 
where <Rg
2>1/2 is radius of gyration and wM  is weight-average molecular weight [14].  When 
the temperature was increased above the LCST, PNIPAAm chains collapsed as tight globules 
along the length of the fibres, however the gel structure was maintained (Fig. 6.21D). The 
LCST transition was reversible upon cooling and polymer segments re-swelled.  
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6.7. Summary 
This chapter reported the results on the thermo-responsive composite gels prepared by 
embedding pure PNIPAAm-FEFEFKFK conjugate into the peptide FEFEFKFK matrix. 
Two series of the composite gels were prepared by varying peptide matrix concentration 
(10 and 20 mg ml-1) and polymer-peptide conjugate concentration (3, 5 and 10 mg ml-1). Micro 
DSC measurements revealed the thermo-responsiveness of the composite gels, showing the 
endothermic peak at ~ 30ºC which was characteristic of the LCST of PNIPAAm. No change 
in the LCSTs was noticed in comparison to pure polymer. The results showed that the 
composite gels had lower heats of the phase separation than corresponding conjugate 
solutions, suggesting that the aggregation of collapsed polymers was partially suppressed by 
the gel network. Oscillatory rheology studies showed that the composite gels became stronger 
with the increase in conjugate concentration (G' ~ 20 – 200 Pa). This behaviour was assigned 
to the increased number of fibres and entanglement points and to the fibre stiffening as the 
conjugate became incorporated into the fibrillar network. Network morphology was studied 
using SANS. Using contrast variation and contrast matching techniques it was possible to 
distinguish between the peptide fibres and the PNIPAAm segments. The scattering patterns 
showed the presence of rod-like objects (peptide fibres) showing the q-1 behaviour, as 
expected. Below the LCST, fibre morphology in the composite gels was similar to that of pure 
peptide hydrogel. Above the LCST, polymer segments presumably precipitated along the 
fibres. TEM and AFM also proved the formation of the fibrillar network. AFM studies 
showed that the fibres of the composite gel were decorated with polymer chains supporting 
the early hypothesis. 
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7.1. General Conclusions 
This research work focused on the design and characterisation of thermo-responsive 
hydrogels by functionalising PNIPAAm chains with self-assembling octapeptides 
FEFEFKFK and FEFKFEFK and thus modulating PNIPAAm gelation and by incorporating 
polymer-peptide conjugate into its respective peptide matrix.  
 
Chapter 4 revealed that thermo-responsive, physical hydrogels of PNIPAAm can be 
obtained by incorporating small quantities of polymer-peptide bioconjugate where the peptide 
self-assembles into elongated fibres that associate and entangle creating a gel network. Two 
series of such systems were prepared easily by using a thiol-modified FEFEFKFK and 
FEFKFEFK peptides as the chain-transfer agents in the free radical polymerisation of 
NIPAAm. 1H NMR was used to characterise the conjugation products and to determine the 
ratio of monomer/peptide in the mixtures. For analytical purposes the polymer was separated 
from the conjugate to determine the polymer/conjugate weight ratio in each mixture. 
1H NMR and centrifugation results showed that control over the composition of the 
polymer/conjugate mixtures was obtained by varying the quantity of SH-FEFEFKFK and 
SH-FEFKFEFK added; the higher the peptide concentration, the higher the fraction of 
conjugate present in the mixtures. A series of mixtures containing PNIPAAm-FEFEFKFK 
conjugates (PS1, PS2 and PS3) showed higher conjugate content than the mixtures with 
PNIPAAm-FEFKFEFK conjugates (PA1, PA2 and PA3). The combination of 1H NMR and 
centrifugation allowed the nM  of the conjugates in the mixtures to be determined and in each 
series the nM  values decreased slightly with increasing chain-transfer agent concentration. The 
nM  values from GPC, which were mostly attributed to the unconjugated polymers, were 
higher than those obtained from 1H NMR and centrifugation for the conjugates. SLS and 
viscometry measurements showed the aggregation of the polymer/conjugate mixtures 
presumably due to the presence of peptide and did not show substantial difference between 
the two series. 
The polymer/conjugate mixtures formed self-supporting hydrogels when above a critical 
gelation concentration which decreased with increasing conjugate content in the mixtures. 
Polymer/conjugate mixtures PS1, PS2 and PS3 showed lower critical gelation concentrations 
(150, 50 and 35 mg ml-1 respectively) than PA1, PA2 and PA3 (190, 150 and 75 mg ml-1 
respectively). This difference in gelation behaviour was not ascribed to the differences in the 
peptide sequences but to the amount of the conjugate in the mixtures: conjugate content in 
the PS1-PS3 mixtures was higher than in the PA1-PA3. The elastic moduli of such hydrogels 
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varied from ~ 10 Pa to 400 Pa depending on the sample and were found to be proportional to 
the quantity of the peptide present, as expected. The scalling exponents increased with 
decreasing peptide concentration and increasing free polymer concentration. The latter 
suggested that there were interactions between the free polymer and the peptide, and/or fibre, 
which were contributing to network formation. TEM and AFM studies proved the formation 
of the network composed of fibres of ~ 4.5 ± 1.5 nm in diameter. 
As the polymer/conjugate mixtures were heated, PNIPAAm exhibited an LCST 
transition at ~ 30°C whose temperature was not influenced by the conjugate present, nor by 
the gelled state of the sample. All transitions were fully thermally reversible. In each series the 
mixtures with higher polymer-peptide conjugate content showed higher phase separation 
enthalpies than pure PNIPAAm presumably due to additional intermolecular interactions 
between fibres and polymer chains. During the phase transition the mechanical properties of 
the hydrogel were enhanced, presumably due to the hydrophobic polymer chains collapsing 
and enhancing fibre-fibre interactions. Further heating led to the collapse of the gel network. 
Both series of polymer/conjugate mixtures showed very similar thermal, mechanical and 
morphological properties. By exploiting the self-assembly of the ionic-complementary 
peptides, it was possible to create PNIPAAm-rich, thermo-responsive hydrogels with 
controllable properties. 
 
Results for the peptide-rich hydrogels composed of pure peptides FEFEFKFK and 
FEFKFEFK and the corresponding mixtures of polymer-peptide conjugates and polymer 
were discussed in Chapter 5. Two series of the gels with various peptide and 
polymer/conjugate mixture contents were studied. The gels showed thermo-responsive 
behaviour as expected and the LCST values were at ~ 30°C for all samples. Micro DSC 
studies also detected the second endothermic transition upon heating at ~ 63 - 68°C which 
was not observed previously. At high temperatures the gels with high polymer/conjugate 
content started to shrink while releasing water. The second transition might be attributed to 
the formation of the complex between the peptide fibres and polymer, possibly accompanied 
by slight gel melting. Both thermal transitions were reversible upon cooling. Mechanical 
studies showed that gel strength increased with increasing polymer/conjugate mixture content, 
however G' values were < 50 Pa for the samples in both series. These peptide-rich gels again 
exhibited interesting mechanical behaviour upon heating, i.e. both elastic and viscous moduli 
values increased during heating from 20 to 80°C and did not decrease upon cooling. G' values 
increased by approximately an order of magnitude after 4 consecutive heating/cooling cycles. 
These gels were complex systems with three components, i.e. peptide, polymer and polymer-
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peptide conjugate. During heating, these components might form irreversible intermolecular 
aggregates resulting in gel strengthening. Polymer re-swelling upon cooling was reported to be 
a thermodynamically slow process that might also contribute to enhancing gel visco-elastic 
properties during the study. Varying the peptide sequence did not influence thermal and 
mechanical properties of the hydrogels. 
 
Chapter 6 reported the results on the thermo-responsive composite gels prepared by 
embedding pure PNIPAAm-FEFEFKFK conjugate into a peptide FEFEFKFK matrix. Two 
series of the composite gels were prepared by varying peptide matrix concentration (10 and 
20 mg ml-1) and conjugate concentration (3, 5 and 10 mg ml-1). Micro DSC measurements 
revealed the thermo-responsiveness of the composite gels, showing an endothermic peak at 
~ 30ºC which was attributed to the LCST of PNIPAAm. No difference in the LCSTs was 
noticed in comparison to pure polymer. The results showed that the composite gels had lower 
phase separation enthalpies than the corresponding pure conjugate solutions, suggesting that 
aggregation of collapsed polymers was partially suppressed by the gel network. Oscillatory 
rheology studies showed that the composite gels became stronger with the increase in 
conjugate concentration (G' ~ 20 – 200 Pa). This behaviour was assigned to the fibre 
stiffening as the conjugate became incorporated into the fibrillar network and also to the 
increased number of entanglement points. Network morphology was studied using small angle 
neutron scattering (SANS). Using contrast variation and contrast matching techniques it was 
possible to distinguish between the peptide fibres and the PNIPAAm chains. Below and 
above the LCST the scattering curves showed a q-1 behaviour which was typical of rod-like 
objects. TEM and AFM also proved the formation of fibres of ~4.0 ± 0.8 nm and             
~4.5 ± 1 nm respectively. AFM studies showed that the fibres of the composite gels were 
decorated with polymer chains supporting the early hypothesis of the peptide fibres decorated 
with PNIPAAm chains.  
Thermo-responsive hydrogels, containing polymer-peptide conjugates, form an 
interesting class of new biomaterials. The results of the study showed that PNIPAAm-based 
gels (Chapter 4) and thermo-responsive peptide-rich composite gels (Chaptes 5 and 6) possess 
interesting properties such as stability, visco-elasticity and thermo-responsiveness. These are 
essential properties of polymer-based biomaterials for applications in controlled drug delivery 
and tissue engineering. Gel mechanical stability is essential during the administration of the 
drugs- or cells-containing hydrogels indicating that they can easily be injected and retained by 
surrounding tissues. Thermo-responsive behaviour is important in controlled-drug delivery 
when the drug release can be targeted by the changes in temperature and also in tissue 
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engineering when the cells detachment is facilitated upon cooling due to the hydrophilic 
nature of PNIPAAm below the LCST.  
Fig. 7.1 gives a comparison of G' (A) and yield stress (B) values as a function of 
conjugate weight fraction for all systems studied in Chapters 4, 5 and 6. Fig. 7.1A shows that 
G' increased with increasing conjugate content for all systems. PS3 and PA3 gels showed the 
closest slope values in the series to those of pure corresponding peptides (c0.8 and c1.1 for 
FEFEFKFK and FEFKFEFK respectively at pH 5.5), however substantially high (see section 
4.3 for more detail). The mechanical strength of peptide-rich gels with the polymer/conjugate 
mixture was also close to that of pure peptides FEFEFKFK and FEFKFEFK at pH 2.5 (c2.4  
and c3.0 respectively) (see section 5.3 for more detail). The highest slopes were observed for the 
gels containing pure peptide and the corresponding purified polymer-peptide conjugate (see 
section 6.4 for more detail). Fig. 7.1B shows that a general trend was observed when yield 
strain decreased with increasing conjugate fraction (Wconjugate) in the gels. This trend was more 
pronounced for peptide-rich systems when polymer/conjugate mixtures (Chapter 5) or 
purified polymer-peptide conjugate (Chapter 6) were incorporated into pure peptide gel. 
These results indicate that the gels become more brittle as more conjugate is incorporated into 
the fibres. PNIPAAm-rich systems showed slight variation with conjugate content presumably 
due to high free polymer content that did not contribute to formation of fibrillar network. 
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Figure 7.1: Variation of: A) G' and B) yield strain with conjugate weight fraction (Wconjugate)  
in the gels studied 
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7.2. Future work 
Mechanical properties of the polymer-conjugate containing systems were studied as a 
function of temperature. The results showed a rather interesting behaviour: G' and G'' values 
increased upon heating and remained practically unchanged upon cooling. It has been 
suggested that some additional intermolecular interactions between the fibres and polymer 
chains might contribute to this increase of the gels rigidity. Therefore it is proposed to use 
small angle neutron scattering in conjunction with rheology to study gel behaviour upon 
heating and cooling in more detail. This will provide a further insight into the network 
behaviour below and above the LCST. 
Future work can be focused on other ionic-complementary peptide sequences, such as 
arginine-based peptides. It is anticipated that arginine would form larger diameter fibres and 
would influence the gelation properties by shifting the critical gelation concentration to lower 
values. This would result in stiffer gels than those made of FEFEFKFK and FEFKFEFK 
peptides.  
PNIPAAm behaviour in the bioconjugates can be compared to other polymers, for 
example to PEG-based polymers. NIPAAm can also be co-polymerised with pH-responsive 
monomers to introduce additional stimulus to the system. Moreover, enzyme-cleavable linkers 
and fluorescent labels can be introduced into the conjugates. Such enzyme-responsive 
materials would provide a non-invasive assessment of enzyme activity and function, and can 
be used as a model for studying enzyme-triggered release of macromolecules. Fluorescent 
labels would also be useful for tracking the cellular internalisation pathways of drug molecules. 
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Appendix 1 
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Figure A1.1: 1H NMR spectra of FEFEFKFK and SH-FEFEFKFK (DMSO-d6, 400 MHz) 
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Figure A1.2: 1H NMR spectra of FEFKFEFK and SH-FEFKFEFK (DMSO-d6, 400 MHz) 
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Figure A1.3: MALDI-ToF spectra of the peptides FEFEFKFK, SH-FEFEFKFK,  
FEFKFEFK and SH-FEFKFEFK 
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Figure A1.4: HPLC chromatograms of FEFEFKFK and SH-FEFEFKFK with 
 elution times of 23.7 and 23.9 minutes respectively 
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Figure A1.5: HPLC chromatograms of FEFKFEFK and SH-FEFKFEFK with  
elution times of 23.3 and 23.5 minutes respectively 
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Appendix 2 
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Figure A2.1: Chemical structures of: A) FEFEFKFK-PNIPAAm and B) FEFKFEFK-PNIPAAm 
with the assignments of some characteristic protons for the 1H NMR spectra in Fig. A2.2 and A2.3 
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Figure A.2.2: 1H NMR spectra of PS1, PS2 and PS3 with the characteristic peaks of the polymer and  
the peptide (DMSO-d6, 400 MHz) 
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Figure A.2.3: 1H NMR spectra of PA1, PA2 and PA3 with the characteristic peaks of the polymer and  
the peptide (DMSO-d6, 400 MHz) 
 
